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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of the
Pennsylvania State University over the first year of a new ONR sponsored University
Research Initiative (URI) entitled “Materials for Adaptive Structural Acoustic Control.” For
this report the activities have been grouped under the following topic headings:

1. General Summary Papers.
Materials Studies.
Composite Sensors.
Actuator Studies.

A BAOWN

Integration Issues.

o

Processing Studies.
7. Thin Film Ferroelectrics.

In material studies important advances have been made in the understanding of the
evaluation of relaxor behavior in the PLZT’s and of the order disorder behavior in lead
scandium tantalate:lead titanate solid solutions and of the Morphotropic Phase Boundary in this
system. For both composite sensors and actuators we have continued to explore and exploit
the remarkable versatility of the flextensional moonie type structure. Finite element (FEA)
calculations have given a clear picture of the lower order resonant modes and permitted the
evaluation of various end cap metals, cap geometries and load conditions. In actuator studies
multilayer structures have been combined with flextensional moonie endcaps to yield high
displacement (50 p meter) compact structures. Electrically controlled shape memory has been
demonstrated in lead zirconate stannate titanate compositions, and used for controlling a simple
latching relay. Detailed study of fatigue in polarization switching compositions has
highlighted the important roles of electrodes, grain size, pore structures and microcracking and
demonstrated approaches to controlling these problems. For practical multilayer actuators a
useful lifetime prediction can be made from acoustic emission analysis.

New modelling of 2:2 and 1:3 type piezoceramic:polymer composites has given more
exact solutions for the stress distribution and good agreement with ultradilatometer
measurements of local deformations. Composites with 1:3 connectivity using thin wall ceramic
tubes appear 1o offer excellent hydrostatic sensitivity, unusual versatility for property control
and the possiblity (o use field biased electrostrictors in high sensitivity configurations.
Processing approaches have continued to use reactive calcining and have supplied the group
with the wide range of ccramics used in these studies. For lead magnesium niobate:lead
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ABSTRACT /continued)

titanate solid solutions grain size effects in samples of commerical purity have been traced to a
thin (~20 n meter) glassy layer at the grain boundary. In parallel with the ONR URI the
laboratory has extensive DARPA and Industry sponsored research on ferroelectric thin films, a
very short selection of most relevant papers has been included for the convenience of users.
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PIEZOELECTRIC, DIELECTRIC, AND ELASTIC PROPERTIES OF
POLY(VINYLIDENE FLUORIDE/TRIFLUOROETHYLENE)

H. Wang, Q. M. Zhang, and L. E. Cross
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

A. O. Sykes
Acoustical Research and Applications

Vienna, VA 22180

The complete piezoelectric coefficient, dielectric constant, and elastic compliance
matrices have been determined on poly(vinylidene fluonde/irifiuoroethylene) (PVDF-TrFE)
(75/25) copolymer at room temperature and a frequency of 500 Hz. The temperature
dependence of each of the complex piezoelectric coefficients and complex dielectric
constants has been measured in the temperature range of -100 ~ 65 °C. The frequency
dependence of these coefficients has also been measured at room temperature. It is found
that the relaxation observed in the tensile piezoclectric coefficients of this material is
different from that of the dielectric constants, whereas the relaxation of the piezoelectnc
shear constants shows behavior similar to that of the dielectric constants.

PACS numbers: 77.60. +v, 77.20. +y.




INTRODUCTION

Polyvinylidene fluoride (FVDF) and its copolymers with trifluoroethylene(TrFE) or
tetrafluoroethylene (TFE) have become important piczoelectric materials for mansducer
applications. Compared with inorganic piezoclectric materials, these materials have high
mechanical flexibility, low acoustic impedance, and can be easily molded into desirable
forms. The piezoelectric coefficients of the matenials are higher compared with other
piczoelectric polymeric materials. In the past two decades, a large number of investigations
have been conducted to improve the performance and to explore the physical bases of
piezoelectricity and ferroelectricity of these materials. 14

Like other piczoclectric materials, the linear coupling of mechanical and electrical
effects of PVDF and its copolymers is described by the constitutive equations. These
equations contain the piezoelectric, dielectric, and elastic coefficients whichk a'= all
important material parameters for both device design and fundamental understanding of the
materials. For a stretched and poled PVDF-type polymer, its symmetry properties belong
to point group mm2. The piezoelectric coefficient, dielectric constant, and elastic

compliance matrices have the forms of:

0 0 0 ds 0 O

(O 0 0 O d|50)
d3; dszd33 0 0 o’

Kn 0 0
( 0 K22 0) .
0 0 Ki3

si1 st2 s13 0 O
s;2 s22 s23 0 O
s13 s23 s33 0 O
0 sgq4 O
0 0 O O sss
0 0 0 0 O sg6

and

OO0

where the coordinate axis 1 refers to the polymer chain di .ction (stretch direction), 3 the

poling direction, and 2 the axis orthogonal to 1 and 3 axes. Experimental evidence has




shown that these coefficients vary with polymer processing methods even for samples with
the same composition and the same measuring conditions. For the purpose of application
and fundamental understanding of these materials, it is desirable to establish a complete
data base to characterize all these properties on samples with similar processing conditions.
However, as can be seen in table I, which presents the typical experimental results for
piezoelectric, dielectric, and compliance coefficients of PYDF materials available in the
literature, in spite of extensive investigations in the past, the characterization of the
materials, especially copolymers, is far from being complete. For example, although the
piezoelectric tensile coefficients, especially d3;, have been studied extensively using
quasistatic methods, there is little information about the imaginary par of these coefficients.
Furthermore, few measurements of the shear coefficients have been made. The experiment
results from various groups differ significantly and they cannot be used to consistently
describe the physical properties of the materials.

In this paper, the experimental results from recent studies on a P(VDF-TrFE)}75/25)
copolymer are presented. The matrix elements of the piezoelectric, dielectric, and elastic
compliance coefficients have been measured at room temperature (22 °C) and a frequency
of 500 Hz. Both real and imaginary parts of the piezoelectric and dielectric constants were

measured over wide frequency and temperature ranges.

EXPERIMENTAL WORK
(1) Sample preparing

Poled P(VDF-TrFE) (75/25) copolymer plates purchased from Atochem North
America Inc. (Part No. A002335-00) were in two thicknesses of 0.5mm and 10 mm. From
these plates, test samples were cut into suitable shapes and sizes for measuring the
dielectric, piezoelectric, and elastic compliance constants. Sampies for the measurements of
the tensile piezoelectric coefficients d3; (i=1, 2, and 3) and dielectric constant K33 were cut

from 0.5 mm thick plate while samples for the measurements of the shear piezoelectric




coefficients djs and dz4 and dielectric constants Ky and K32 were cut from 10 mm thick
plate. For elastic compliance measurements, samples were made into square rods from the
10 mm thick plate with their length along the direction in which the measurement was

made.

(2) Measurement details
Complex piezoelectric coefficient, diclectric constant and elastic compliance are
defined as following:>
djj = dijj-Jj d%j
Kii = K'ii - j K" (N
Sik =Sk -J $"jk
wherei=1,2,3,andj, k=1,2,..,6
The piezoelectric coefficients were measured by utilizing a laser ultra-dilatorncter .6
Making use of the converse piczoelectric effect, strain xj induced by an alternating electric

field E; was measured and the piezoelectric coefficients were determined by

ax,
JE.
j
Depending on the coefficient to be measured, either the single beam or double beam laser
dilatometer was used.? As demonstrated previously,8 the system is capable of detecting
both the amplitude and phase angle of the field induced strain, thus yielding the real and
imaginary pan of the piezoelectric strain coefficients.

It should be pointed out that in general, for piczoelectric constant measurement, the
quantity determined from the direct piezoclectric effect is 7\%‘] , where A, is the area of

the electrodes in the unstrained sample with its normal along i direction, Q; the charges on

the electrodes, and T the stress applied on the sample. It can be shown that
aQ; , _aoi, +DiaAi| 3)

-

A L} \




where D is the electric displacement. The first term on the right hand side of the equation is
the djj defined in [EEE standard.? For conventional piezoelectric ceramics, the second tenn
on the right hand side is much smaller than the first term and therefore the quantity
measured from the direct piezoelectric effect is practically equal to dj;. However, for
polymeric piezoelectric materials, the second term is not negligible. It can also be shown
that the piezoelectric strain coefficients djj determined from the converse effect (Eq. (2)) is
equal to the right hand side of Eq. (3).3 Hence, the direct effect and converse effect yield
the same piczoelectric constants, and in practice, they are the physical parameters of
interest.

A capacitance bridge (General Radio) was used to measure the dielectric constants .
For K33, an impedance analyzer(HP) was used to carry out the measurement at higher
frequencies.

In the piezoelectric and dielectric constant measurements, temperature was regulated
by a microminiature refrigerator system (MMR Technologies Inc.). The temperature
variation throughout the measurement was less than 0.1 K.

The principal diagonal components of the elastic compliance matrix were measured by
a dynamic compliance measuring apparatus (DCA), developed at Acoustical Research and
Applications. The off-diagonal components were measured by using the DCA in
conjunction with the double beam laser interferometer. The DCA, shown in Fig. 1,
consisted of a massive stiff frame, a calibrated piczoelectric displacement generator and a
force gage. Both the generator and the force gage were rigidly attached to the frame,

between which a sample of the material to be tested can be inserted.

RESULTS AND DISCUSSION
The results of the complex piezoelectric, diclectric, and elastic constants on P(VDF-
TrFE) (75/25 ) samples acquired at room temperature and a frequency of 500Hz are

presented in the column [ of table I for comparison with those from the literature. To our




knowledge, this set of piezoelectric, dielectnic, and compliance coefficient data is the most
complete currently available for any PVDF copolymeric materials.

To avoid the possible clamping effect of the two ends of the sample rods inserted in
the DCA on the measured elastic compliance, samples with length to width ratio (aspect
ratio) of 10 were used. All the measurements were repeated several times and the data can
be reproduced within 5 %. To further confirm that the end clamping effect is negligible
here, we also performed the measurement with samples of aspect ratio of 5 and the results
are basically the same as those acquired from the samples with aspect ratio of 10. For a
piezoelectric material, its elastic compliance can also be measured by piezoelectric
resonance technique. For the copolymer samples, s31E was also measured by utilizing the
resonance technique and the result was consistent with that from the DCA.

Shown in Fig. 2 and Fig.3 respectively are the temperature dependences of the
piezoelectric and dielectric constants at a frequency of S00Hz. The measured Curie
temperature of this material is 115 ©C. These results reveal several interesting features. In
contrast to drawn PYDF, which is very anisowopic piezoelectrically in the plane
perpendicular to the poling direction, and for which d3; and d3; exhibit very different
magnitudes and temperature dependences, very small difference in magnitude and
temperature dependence were observed between d3; and d33 for this copolymer. The
piezoelectric constants d3; and d33 increase with temperature much faster than ds3, dis.,
and dz4. Additionally, higher losses were measured. On the other hand, the dielectric
constants along three axes exhibit nearly identical temperature dependences.

For PVDF and its copolymers, experimental evidence has shown that the mesoscopic
morphology is that of crystalline lamellac embeded in an amorphous region of disordered
polymer chains. Hence, the piczoelectric response is governed by the mechanically
induced change of the mechanical and electrical fields distribution within the amorphous
and crystalline regions. It has been proposed that there are two major contributions to the

piezoelectric response in these materials: the intrinsic change of polarization (biased




electrostriction effect), and the change of the sample dimensions while electric moments are
fixed (dimensional effect). The dimensional eftect contribution was calculated by using a
model of dipoles dispersed in an amorphous medium.4 For example, the dimensiona)
contribution to d33, from this model, is -Prs33, where Py is the remanent polarization and
s33 is the clastic complisnce. Py measured for this sample is 5.4 uC/cm2, hence, the
dimensional effect contribution to d33 is ~16.2 pC/N, which is about S0 % of the total d33.
However, for the shear components, this contribution is extremely large when calculated
using this model. For example, the dimensional effect contribution to d5 is -520 pC/N. If
the model is correct the contributions from the intrinsic and dimensional effects are in
opposite signs in shear constants and they almost cancel out, resulting in a small total
coefficient.

For PVDF homopolymer there usually exist three relaxation processes associated
with different types of segment motion in the material. The a relaxation occurs at
temperature above 55 ©C, B near -40 °C, and v near -70 °C. Previous studies have shown
that a relaxation is associated with molecular motion in crystalline regions of a-phase, the
P relaxation with the segment motion in the amorphous regions and hence signifies the
glass transition, and the ¥ relaxation with local motion in the amorphous regions. For this
P(VDF-TrFE) (75/25) copolymer, only [ relaxation was observed at temperature around -
30 °C. This together with the x-ray diffraction datal!0 indicate that the crystalline phase in
this copolymer is B-phase. The interesting feature is that the loss peaks related to the B
relaxation in the dielectric curves are about 20 degrees higher than those in the tensile
piezoelectric coefficient curves, i. ¢., the dielectric loss peaks are at about -20 °C while the
loss peaks in the tensile piezoelectric coefficients are at -40 ©C. More interestingly, the loss
peaks in the shear piezoelectric coefficient curves are almost at the same temperature as
those of the dielectrics.

Fig. 4 shows the frequency dependence of the dielectric constant K33. The relaxation

observed near 1 MHz in the K13 spectrum is associated with f-relaxation, as has been




identified from the earlier studies on the PVDF homopolymer.!! Ki; and K32 were
measured in the frequency range from 100 Hz to 100 KHz and their dependences on
frequency are similar to that of K33. No frequency dispersion was observed for
piczoelectric d constants in the range of 100Hz-5KHz.

In conclusion, the complete piezoelectric coefficient, dielectric constant, and elastic
compliance matrices have been determined on P(VDF-TrFE) (75/25) copolymer at room
temperature and a frequency of 500 Hz. The frequency and temperature dependences of all
five complex piezoelectric coefficients as well as three complex dielectric constants have

been characterized.

ACKNOWLEDGMENT

This work was supported by the Naval Undersea Warfare center's Small Business
Innovation Research (SBIR) program under contract N66604-90-C1558 (Low Cost
Acoustic Sensor Technology), and the Office of Naval Research.




REFERENCES:

1 G. M. Sessier, J. Acoust. Soc. Am. 70, 1596 (1981).

2 M. G. Broadhurst, G. T. Davis, and J. E. McKinney, J. Appl. Phys., 49, 4992
(1978).

3 R. G. Kepler and R. A. Anderson, J. Appl. Phys., 49, 4490 (1978).

4 T. Furukawa, J. X. Wen, K. Suzuki, Y. Takashina, and M. Date, J. Appl. Phys., 56,
829 (1984).

S R. Holland and E. P. EerNisse, "Design of Resonant Piezoelectric Devices”,
(Cambridge, Mass., M. L. T. press,1969).

6 Q. M. Zhang, S. J. Jang and L. E. Cross, J. Appl. Phys., 65, 2807 (1989).

7 W.Y.Gu, W. Y. Pan, and L. E. Cross, Materials Letters, 8, 3 (1989).

8 W. Y. Pan, H. Wang an¢ L. E. Cross, Jpn. J. Appl. Phys. 29, 1570 (1990).

9 IEEE Standard on Piezoclectricity, ANSI/IEEE Std 176-1987.

10 Unpublished data from the authors.

11 T. T. Wang, “The Application of Ferroelectric Polymers”, (New York, Chapman and
hail, 1988).




10

FIGURE CAPTIONS

Fig. 1 Schematic drawing of the Dynamic Compliance Apparatus.

Fig. 2 Piezoelectric strain coefficients as functions of temperature.

Fig. 3 Dielectric constants as functions of temperature.

Fig. 4 Dielectric constant K33 as function of frequency.
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TABLE | The Piezoelectric, Dielectric, and Elastic coefficients of PVDF-Type Materials

(Unit: d-pC/N; 5-x10°10m?/N)
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DRAWN PVDF P(VDF-TtFE) P(VDE-T1F
o5 ( ) P(VDF-TFE)
d'3) 10.7 12.5b 216 h.k 2ge.T 16,82 9 g2 11.64
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d'32 10.1 2.3h.k 1 5¢2¢ 4 817 22
d"32 0.19
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CLAMPING EFFECT ON PIEZOELECTRIC PROPERTIES OF POLA
(VINYLIDENE FLUORIDE-TRIFLUOROETHYLENE) COPOLYMER

H. Wang, Q. M. Zhang, and L. E. Cross
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802
A.O. Sykes
Acoustical Research and Applications

Vienna, VA 22180

In hydrophone application, PVDF and its copolymers provide high sensitivity because ol
high piezoelectric voltage coefficient gy and large figure of merit dpgy. By using metal plates as
electrode, saples can be mechanically clamped in the plane perpendicular to the polar dired e,
and the transverse piezoelectric responses can be aimost eliminated. Compared with non-chunped
samples, the hydrostatic coefficient dy as well as gy of clamped samples can be increased
significantly. In this work , the temperature and pressure dependence of dp. g. and dielecini
constant of clainped P(VDF-TtFE) (75/25) copolymer are investigated. The ettects of the wnmple
dimensions and other parameters on the clamping are studied. Based on the constitutive equitions,
the expressions for effective piezoelectric strain coefficient d3;¢ (i=1, 2, and 3y of o clamped
sample are derived, and the hydrostatic strain coefficient dy, derived from the direct and the
converse piezoelectric effects are compared. The experimental results are in good agreement wh

the calculations.




INTRODUCTION

In hydrophone applications, piczoclectric materials are use¢ as a sensor of hydrostatic
pressure wave. The sensitivity of a hydrophone is measured by the piezoclectric voltage coefficient
gh(=g31+832+833), the strain coefficient dy(=d3)+d32+d33), and most importantly the figure of
merit dngp of the material. The coefficient gy, is defined as the ratio of electric field to the change of
hydrostatic pressure, while dj is the ratio of charges induced on a sample to the change of
hydrostatic pressure. The rela(tlionship of these two coefficients is as follow:

h

g = Py L)

where €33 is the dielectric constant along the polar direction and £g is the free space permittivity.

Recently, polyvinylidene fluoride (PVDF) and its copolymers with trifluoroethylene
(P(VDE-TrFE)) have attracted increasing attention for hydrostatic applications.!-3 Although the
magnitude of the piezoelectric strain coefficient d33 of PVDF is almost one order lower than those
of conventional piezoelectric cerarmnics, such as lead zirconia titanate, its dp coefficient is about the
same order. Moreover, because of the significantly lower diclectric constant, the piezoelectric
voltage coefficient gy of PVDF polymer is much higher, thus resulting in a higher hydrostatic
figure of merit dhgh. The relatively low acoustic impedance of PVDF type materials closely
matches that of water and, therefore, allows good acoustic coupling from the polymers into water
and vice versa. PVDF type materials also possess several other advantages over conventional
piczoelectric ceramics such as, mechanical flexibility, low cost, and the ability to be formed into
different shapes easily.

Since the cancellation between the longitudinal(ds;3) and the transverse(d3; and dig)
piezoelectric responses reduces dp value, it is conceivable to increase dy by modifying the stress
distribution pattern in a sample so that one of these responses is significantly reduced while the
other is kept almost intact. For PVDF anc its copolymers, because of their low elastic moduli

compared with metals, it is possible to clamp a sample in the plane perpendicular to the poling




direction by using metal plates as electrodes to eliminate the hydrostatic responses from that plan.
As shown in Fig. 1, the pressure in the plane direction is borne mostly by the metal electrodes
which effectively shield the polymer from the pressure in that direction, resulting in a larger dy,
value of the sample.

In this paper, the results of the recent investigations on the clamping effect of metal plates on
piezoelectric and dielectric responses of P(VDF-TIFE) (75/25) copolymer are fresented. The
experimental data are compared with the results derived from the constitutive relations. Several
parameters affecting the clamping effect are discussed. The temperature and pressure dependences

of these properties were also studied.

EXPERIMENTAL WORK

P(VDF-TrFE) (75/25) poled samples were provided by Atochem North America Inc..
Samples of two different thicknesses were used to study the influence of thickness ratio of
polymer to metal plate on the clamping effect. As shown in Fig. 1, the thickness of the metal
plates (brass) tb was fixed at 0.17 mm for all the samples. For copolymer, the two thicknesses
(tP) were 0.5 mm and 2.0 mm, respectively. The 0.5 mm thick copolymers were directly from
extrusion and the 2.0 mm thick ones were made by bonding four layers of 0.5 mm thick
copolymer together using non-conductive epoxy. The total thickness of samples was, therefore,
2t+1P. For comparison, copolymer samples without metal plates were also studied. For these
samples, silver ink was used for electrodes.

A laser interferometer was employed to measure the longitudinal and the transverse strains
xiP (i=1, 2, and 3; the superscript p refers to the strain in copolymer) induced by an electric field.

The effective piezoelectric coefficient d3i€ (i=1, 2, and 3) of a sample was determined through

xP

c_ "
converse piezoelectric effect, that is, dy= '[.';';, where E3 is the applied electric field. For a




piezoeleciric material with free boundary condition, the hydrostatic piezoclectric coefficient dy, can
be determined through its tensile coefficients, i.e., dy=d33+ d31+ d31. However, for clamped
samples, the dy, coefficient determined from the converse piezoclectric effect is not equal to that
obtained from the direct effect. Hence, dj, was also measured through the direct piezoelectric effect
in which electrical charges induced on electrodes were measured when a sample was subjected to a
hydrostatic pressure. The dielectric constants were measured by a capacitance bridge (General
Radio). A microminiature refrigerator system (MMR Technology Inc.) was used to provide the
temperature regulation for the temperature dependance of the piezoelectric and dielectric constants

measureinents.

CLAMPING EFFECT ON PIEZOELECTRIC COEFFICIENTS
(1) Tensile coefficients

When an electric field along the 3-direction is applied to a clamped sample, as schematically
drawn in Fig. 1, a strain field is induced in the polymer. Clearly, the brass electrodes tend to
reduce this strain field, and this effect is equivalent to having external stresses TP and TP applied
on the polymer in the plane perpendicular to the poling direction. It is assumed in the following
discussion that TP and TP are uniform in the polymer. From the constitutive equations, when

subjected to an electric field E3, a clamped polymer sample has strains

x¥=dyEq+ shT + s5,13 (2a)
x5=dyEs+ shTh+s5 T8 (2b)
x5=dyEq+ T+ 518 (2¢)

where sP is the elastic compliance, d is the piezoelectric strain coefficient of the polymer under
stress free condition. The superscript p refers to copolymer. In the above equations it is assumed

that d31=d33, s11=522, and s)3=523 because the piezoelectric and elastic anisotropies in the plane




perpendicular to the poling direction of this material are very small.# The effective piezoelectric

strain coefficient d3;° of a laterally clamped sample can be defined by the following equation:
xP= dS.E, (i=1,2,3) 3

For a given electric field, the three effective tensile coefficients are not independent. They are

related by the following equation:

P 1€ c

sip(dy +dp-2d
4= dyy+ 13(d3+d3p- 2dy) @
S‘;l+ S‘zz

To derive d3;¢ from Eqgs. (2) and (4), it is necessary to find the expressions of TP and TZP,
which depend upon the properties of the polymer and the brass. In this composite configuration of
sample, two conditions can be used. The first one is the static equilibrium condition. From
Newton's third law, the total force exerted on the polymer by the brass plates is equal in magnitude
and opposite in sign, respectively, to that on the brass plates by the polymer. This can be
expressed as follows:

T =21t (Sa)

o = 2150° (Sb)
where the superscript b refers to the brass electrodes, tP and t® are the thicknesses of the polymer
and the brass plate, respectively. The lateral strains in the brass plates induced by the stress field in

the brass plates are

xt,’ =5 Y,T‘,’ +5 ‘;27‘,’ (6a)
x5=shTh+ s0TS (6b)

The second condition is the equal strain relation which states that the lateral strains in the two
materials should be equal, that is
X1=Xy (7a)

x5=xb (Th)




It will be shown later that Eqs. (7) are valid only when the electrode dimensions along 1 and 2
directions are much greater than the thickness of the polymer. Solving these equations, we can
obtain;
d3 = d3y= d:’ . @®)
14 2(sy; 819

b b
sy +51d

where vy =tP/t? is the thickness ratio. Using Eq. (4), the expression for d33¢ can be found. From

Eq. (8), it is clear that the reduction of d31¢ and d32° can be adjusted through two parameters: the
thickness ratio Y and the elastic compliances ratio of the polymer to the brass plate. To effectively
eliminate d31° and d3;°, a smaller yand metal plates with high elastic moduli are preferred. Also

form the Eq. (8), clamping is more effective for polymers with smaller Poisson's ratio.

(2) Hydrostatic strain coefTicient dy

Similar to normal piezoelectric materials, the effective hydrostatic piezoelectric strain
coefficient dy¢ of a clamped sample is

dy= (d3;+d3 +d) 0
Using the results from the preceding section, the hydrostatic strain coefficient under clamping
condition is obtained as followinbg: ,
dS= dy+ds zv(s,:: 512 ':s",’ - (10)
Y+ s +2(sy+5p)

For a sample under clamping condition, the effective tensile coefficients d3;¢(i=1,2, and 3) derived

above through the converse effect are not equal to those derived through the direct efiect. So the
effective hydrostatic strain coefficient determined by Eq. (10) is not the same as that determined by
the direct effect. For the direct effect, dy can be measured directly without measuring individual
tensile coefficients. For comparison, the expression for effective hydrostatic piczoelectric

coefficient of a clamped sample derived through the direct effect is given below:




2142511+ 51) - 46 - 51

dy= dp+d3—
b b
Vs + 519 + 205+ s5)

(1%)

The derivation of Eq. (11) is similar to that of Eq. (10). Apparently, the measured results from the
two effects, in general, are not equal when a sample is clamped. The difference of dp value

between the two effects is
b
48?1 + 8s 12

dsr (12)

b b
Tsi+ 51 + 2651+ 5D
Qbviously, the more effective the clamping, the bigger the difference. For free samples, there is no
such difference. For the samples investigated, this difference is about 0.2d3;=2.1pC/N, which

is not very significant. The parameters used in this calculation are listed in table L

RESULTS AND DISCUSSIONS
(1) Piezoelectric strain coefficients

The transverse piezoclectric responses of a clamped sample depend on the lateral
dimensions of the sample. Shown in Fig. 2 (a) and (b) are the dimension dependence of d3; and
d32 for two different thickness ratios of 9=3 and y=12, respectively. In these measurements, d3;€ (
or d32°) was measured as a function of the sample dimension along 1 ( or 2 ) direction while the
other lateral dimension L( or L) was kept constant. As the lateral dimensions increase, d3; and
d32 decrease rapidly. This is the result of incomplete clamping of the polymer by the brass
electrodes. When the thickness of the polymer sample tP, compared with the lateral dimension L,
is not small enough, the strains induced by an electric field will not be uniform. This is shown in
Fig. 3 (a). The clamping on the polymer by the brass plates is complete only when tP/L --> 0 and

the results derived in the previous sections are valid only under this condition. On the other hand,




for large values of tP/L, the clamping is not very effective, and d3;€ is still very close to d3; (i=1,
2, and 3).

Experimentally, the d3;€ and d32° values of the complete clarping can be obtained by
extrapolating the experimental curves of d31¢ and d3;° versus the reciprocal of the sample length
(1/L) to the value at 1/L=0. These results are listed in Table Il along with those calculated from Eg.
(8). When ¥=3, the experimental and calculated results are in good agreement. While for y=12.,
the agreement is less satisfactory. It is believed that this difference arises from the fact that for ¥
=12 the data points are far from complete clamping and the tP/L is four times bigger than that for y
=3, So the clamping is less effective. From Table Il and Eq. (8), it is clear that clamping is more
effective for thinner polymer samples (smaller y value).

Longitudinal coefficient d33 of a clamped sample also depends on the lateral dimensions of
the sample. This can be seen from Eq. (4). When a sample is not fully clamped, d3;€ and d3p¢
change with the dimensions and are not equal to each other. The d33¢ values for a completely
clamped sample from the experiment and the calculation are also listed in the Table II. The
agreement between the experimental result and the theoretical calculation is satisfactory.

Temperature dependence of effective tensile piezoelectric strain coefficients d3;€ (i=1, 2, and
3) of clamped sample (y= 3.0, and L= 9.0 mm) was measured at a frequency of 500 Hz through
the converse piezoelectric effect. From these results, the coefficient dy® as a function of
temperature is obtained and shown in Fig. 4. For comparison, the temperature behavior of dy,
coefficient of a non-clamped sample measured at 500 Hz through the converse piczoelectric effect
is also presented in Fig. 4. Examination of the figure indicates that the clamping “hanges not only
the magnitudes of the tensile piezoelectric strain coefficients, but also their temperature behaviors.
For the non-clamped copolymer, d does not change with temperature noticeably even though all
three tensile piezoelectric strain coefficients are significantly temperature dependent. In the

temperature interval studied, the dj for the non-clamped copolymer is in the range of 12-14 pC/N.




For a clamped sample, the dp, value at high temperature (~60 ©C) is about twice of that of a non-
clamped sample. As the temperature is reduced, the difference in dy between the clamped and
non-clamped samples becomes smaller. At very low temperature, they become the same. This
kind of temperature behavior can be explained by Eqs. (8) and (10). The clamping effect becomes
less effective as the elastic compliances of the copolymer decrease while the elastic compliances of
the brass plates are practically unchanged in this temperature region. It is well known that for a
semicrystalline polymer, the elastic modulus changes greatly around the glass transition
temperature Tg(about -30°C for this copolymer).5 At the temperature well below Ty, a polymer
becomes stiffer and the clamping is less effective. So the dy value of the sample with the brass
plates approaches that of the unclamped sample. Although dy coefficient is more temperature
dependent for clamped samples, the curve is quite flat around the 0°C, which is the working
temperature of most underwater sensors. In this temperature region, the clamping is very
significant and dy, value of a clamped sample is much higher than that of the non-clamped sample.

Shown in Fig. 5 are the pressure dependence of dp measured at the frequency of S0 Hz and
room temperature for both clamped and non-clamped copolymers through the direct piezoelectric
effect. It can be seen that for both clamped and non-clamped samples, dy, decreases slightly with
pressure. For both kinds of samples, when the pressure was lowered back to one atmosphere, the
samples returned to their initial level of activity with no noticeable irreversible degradation.

It is noticed that for clamped samples, the difference between dy, values measured through the
converse and the direct piezoelectric effects at room temperature is about 3.3pC/N which is greater
than predicted value(2.1pC/N) by Eq. (12). It is believed that there are two main sources causing
this error: (1) the calculated difference is for a sample with complete clamping, while the measured

difference is for a sample with incornplete clamping; (2) the systematic error in the measurement

between the two set-ups.




(2) Dielectric constants

The temperature dependence of dielectric constant €33 for both non-clamped and clamped
samples are shown in Fig. 6. As seen from the curves, there is no noticeable difference between
them. For a piezoelectric material, the difference between the dielectric constants under stress free
and strain free conditions arises from its piezoelectricity. From the constitutive equations, this
difference is

T S

€o(Es3- €3) = d3ey +di£3+ d3ey (F)
where the superscripts T and S refer to stress free and strain free conditions, respectively, and e is
the piezoelectric coefficient of the material. For PZT ceramics, the difference can be more than
100% due to their high electromechanical coupling coefficients. However, for piezoelectric
polymers, this difference is very small because of their relatively low piezoelectricity compared
with PZT. Calculated from the above equation, the difference is only about 5% for P(VDF-TrFE)
(75/25). The dielectsic constant €33 of a ciamped sample measured here is not exactly sirain free
dielectric constant €335 because the sample is only partially clamped in the 3-direction. Therefore, it
is not surprised that the dielectric constant of a clamped sample is experimentally almost the same

as that of a non-clamped sample.

(3) Hydrostatic Voltage Coefficient and Figure of Merit

The hydrostatic voltage coefficient g can be obtained from the hydrostatic strain coefficient
dp, and the dielectric constant €33 through Eq. (1). In Fig. 7, gh as a function of temperature for
both clamped and non-clamped samples is presented, where dy’s are taken from Fig. 4. The
temperature behavior of gn for a clamped sample is much different from that of a non-clamped
sample due to the different dj and the almost-same dielectric constants. Even for non-clamped
samples, the g value is about 180x10 -3 Vm/N around temperature of 0°C, which is two orders of

magnitude higher than those of PZT ceramics.® By mechanical clamping, both the magnitude and

10




the temperature dependence of gh coefficient of the PYDF copolymer are further improved in a
wide range of temperature. The pressure dependence of gn is shown in Fig 8.

In Fig. 9, the hydrostatic figure of merit dhgn are shown for clamped and non-clampud
samples as a function of temperature. Clearly, in operation temperature range of hydrostatic
applications (T>0°C), the clamping effect provides an effective means to significantly improve the
hydrostatic figure of merit of the copolymer. |

In summary, Table IIT presents the room temperature hydrostatic figure of merit for both
non-clamped and clamped P(VDF-TIFE) copolymers along with their dielectric, piezoelectric
coefficients. For the comparison, the properties for commonly used PZT ceramics and 0-3
piezoceramic-polymer composite are also listed. It is obvious that the clamped PVDF copolymer

shows superior hydrostatic figure of merit.

CONCLUSIONS

Polarized PVDF and its copolymer are versatile materials which have shown to have excellent
piezoelectric properties. It is anticipated the application range of the materials will be further
broadened with continued research aimed at further improvement in basic material-performance
parameters. By mechanical clamping in the plane perpendicular to the poling direction, nearly all
the effective piezoelectric responses in that plane can be eliminated. As a result, the effective
hydrostatic response can be improved significantly. It is also shown that the dimension and the
elastic properties of both metal plates and copolymer can have great influence on the effectiveness
of this clamping effect. To improve the clamping, a smaller thickness ratio of polymer to metal
plate, a smaller aspect —atio (tP/L), and a large difference in the elastic properties between polymer

and metal plate are preferred.
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FIGURE CAPTIONS

Fig. 1. Schematic drawing of a clamped sample by metal plates.

Fig. 2. The effective uansvérse coefficients as a function of the lateral dimension of a
clamped sample.

Fig. 3. Deformation of a clamped sample under an Electric field. (a). Nonuniform

deformation; (b). uniform deformation.

Fig. 4. Hydrostatic dj coefficient as a function of temperature for noﬁ-clamped and clamped
samples.

Fig. 5. Pressure dependence of dp coefficient for non-clamped and clamped samples.

Fig. 6. Dielectric constant as a function of temperature for non-clamped and clamped
samples.

Fig. 7. Hydrostatic g, coefficient as a function of temperature for non-clamped and clamped
samples.

Fig. Pressure dependence of gh coefficient for non-clamped and clamped samples.

Fig. 9. The figure of merit dygh as a function of temperature for non-clamped and clamped

samples.




Table I Some elastic, piezoelectric, and dielectric properties of P(VDF-TrFE)(75/25) and the elastic

compliances of the brass electrode.

S11 _ $12 31 33 €33 erence
(x10°10 mN) | (x10-99 m¥/N) { PC/N) | (PC/N)
3.32 -1.44 10.7 33.5 7.90 4
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Table 11

The piezoelectric strain coefficients under complete clamping conditons.

@m
Y d31° (pC/N) d31® (pC/N) d33¢ (pG/N) d13® (pC/N)
calculated measured calculated measured
0.53 -24.75 -21
2.65 -26.00
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Table Il The hydrostatic piezoelectric propenties of the P(VDF-TrFE) copolymer and some
other materials

_@C/N) (x 10-3 Vm/N) JJJEIN) Reference
7.9 12.5 170 2125 | this work I
7.4 19.5 275 5363 this work
1300
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Piczoelectricity in the Field-Induced Ferroelectric Phase of Lead

Zirconale-Based Antiferroelectrics

Ki-Young Oh, Yutaka Saito, Atsushi Furuta, and Kenji Uchino*

The piezoelectric characteristics were investigated in the
field-induced ferroelectric phase of the antiferroelectric
Pbess Nboa[(Z5s.4Sne4)) ., Ti, lo42 O, family. The electro-
mechanical coupling factors k, and k, were measured, and
the piezoelectric anisotropy was calculated. The piezoelec-
tricity was controlled easily by the applied electric {ield
pulse. The large piezoelectric anisotropy of these malerials
in comparison to that of conventional PZT piezoelectric
materials makes them very applicable for ultrasonic probes
and surface acoustic wave filters, {Key words: lead zirconate
titanate, piezoelectric properties, ferroelectrics, phases, elec-
tric field]

1. Introduction

1 1As been shown that the PhywoNby o l(Zr:.Sn4s),. -

Ti, hO« (PNZST) family casily undergoes the phase tran-
sttion from antiferroelectric to ferroclectric under an applicd
clectric field. During this phase transition. this family shows
very in'cresting characleristics such as induced digital strain
of large magnitude and shape memory cffect. These charac-
teristics and its applications were alrcady reported.””' How-
cver, the piczoelectric characteristics in the ficld-induced
ferroelectric phase have not vet been investigated. It is ex-
pected that the field-induced ferroclectric phase will exhibit
piczoclectricity, but the antiferroclectnic phase will not, and
consequently that the niezoclectricity can be controtled easily
by an applied clectric ficld. Controllability of piczoclectricity
and large piczoclectric anisotropy is desirable for some appli-
cations such as surface acoustic wave {SAW) devices and ul-
trasonic probes. The purposes of our investigation are 10
confirm the controliahility of piezoclectricity and to check
the piczoclectric anisotropy of PNZST matcnial.

The phase diagram of PNZST ceramics is shown in Fig. 1
as a function of cumpusition and clectric ficld. along with
their tvpical strain curves. The phases are divided into four
regions by the strain characteristics. The compositions be-
longing to rcgions It and 11T show the shape memory effect,
and those belonging to region 1V exhibit typical ferroclectric
hysteresis curves in strain characieristics. The compositions
selected in regions I1. 111, and 1V are y = 0.063, 0.064;
y = 0.006, 0.080; and y = 0.090, respectively. The specimens
were prepared by a conventional sintering process — calcined
at 850°C for 10 h and sintered at 1270°C for 2 h. The speci-
mens were cul into pelicts 11 min in diameter and 0.2 mim in
thickness for the planar mode &, and 0.4 mm in thickness for
the thickness mode &,. As refercnces, we prepared samples of

Experimental Procedure

G. H_ Hacrtling— contribuhing editor
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0.9PbZr0O,-0.1PbTi0; and 0.5PbZrO:-0.5PbTiO.. The
piczocleciric resonances were observed by measuring the ad-
mittance {conductance and susceptance) variation with
frequency, using an impedance analyzer (4192A, Hewlett-
Packard, Palo Alin. CA).

ii1.

Figures 2 to 4 show the ficld-versus-strain curves and
piczoelectric resonance admittance curves for the fundamen-
tal planar mode measured for various specimens belonging to
regions Tl 111, and 1V, respectively. The resonance character-
istics were measured after applying an clectric ficld pulse to
the specimen. {Notice that the ficld was not applied continu-
ously to the specimen during measurement.) As shown in
Fig. 2 ty = (.063), the resonance and antiscsonance peaks
appcar when the applied ficld pulse exceeds 17.5 kV/iem,
which is duc to the induction of a ferroelectric phase. These
peaks disappear when a —5.5 kV/em ficld pulse is applied.
because the antiferroelectric phase is recovered, and appear
again when the ficld pulse excceds - 10 kV/em. These phe-
nomena indicate that the piczoelectricity can be controlled
castly by an electric ficld pulse.

In controlling the piczoclectricity, the use of lead magne-
sium niobate (PMN)-based elecrostrictive materials has been
reported.* where continuous apphcation of a bias electric field
is required to obtain and sustain the piczoelectricity. In com-

Jﬂ TS

Results and Discussion

6 1
} RIN 1 v
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4r
z  2r
c
< | Nl s e e ]
> 0| Aotiferro
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Concentration of Ty {y}

Fig- 1. Phase diagram of PbywNbun{(Zr0sSnuad. . ThhiwOy as a
Tunction of Ti concentration.
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20 -0 10 20
Electric Field (bvim)

20  Field (kVicm)
25

y=0063

Fig. 2. Field-strain relation and piezoelectric resonance admut-
tance curve of a planar mode with applied pulse field measured in
¥ = 0.003.

parison, the PNZST materials (v = 0.063,0.064) with the
shape memory effect are confirmed to be very suitable for
controtling the piczoelectricity with low energy consumption.

In the case of the specimen with v = 0.066 (region {[1), the
resonance and antiresonance peaks will not disappear com-
pletely, even after applyving the targe reverse bias field pulsc.
This is probahly because the specimen sustains the ficld-
tnduced ferroclectric phase even afier the reverse bias is ap-
phed. as shown in the upper part of Fig. 3. In the case of
v = 0.090 {Fig. 4), the field-induced piczociectricity cannot
be removed completely by the reverse bias. Tt ts notable that
the elcctric puise ficld required to cause piczoelectricity is

Stran{X10°4)

00 0
Eiectric FieWd{kv/em)

25

20 o

y=0066

Fig. 3. Ficld strain relation and piczoclectric resonance admit-
tance curve of a plunar mode with applicd pulse field measured in
y = (LOO6

Vol. 75, Nu. 4

360 06
Electrc Fretd (kvAm)

25

Y20 Feld(kvicm)

yz0090

Fig. 4. Field-strain relation and piezoelectric resonance admut.
tance curve of a planar mode with apphed pulse field measured 1n

¥ = U.09).

smaller (5 kV/em) than that of the other specimens (v = 0.063
and 0.066). Since the specimen is originally ferroelectric, i
does not need a large electric field to obtain the piezoclectnic-
ity and does not lose the piezoclectricity completely by the
reverse bias.

Figure § shows the variation of admittance characteristics
as a function of Ti concentration. The frequencies of the
mavmum and ninimum peaks are shifted 1o higher frequen-
cies with increasing v, and then decrcase as the Ti concentra-
ton increases above v = (L.UG0O.

Electr . mechanical coupling factors for the planar and
thickness modes are calculated from the measurcment by
using the fullowing equations:

k} T W, T wa— wh
— = D pp [ 2 2E (planar modc)
T ~k; 2 wp 2 w
7T we 7T ow - weg
ki = — — tan (— —;-—-—*) {thickness mode)
2 LIUEY 2 Wa

where k is an electromechanical coupling factor and we and
w, are the resonance and antiresonance frequencics, respec-
tively.

Applied Electrc Field=225 kvicm

Fig. 5. Variation of resonance and antiresonance frequencies with
Ti concentration (planar mode).
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Figures 6, 7. and 8 show the variations of & (planar mode).
k, (thickness mode). and K, /k, (piczoelectric anisotropy) as a
function of applicd pulse field in the sample of v = 0.062
0.066. and 0.09. As the applied clectric ficld increases, &
and A, appcar abruptly at the transition point from the anti-
ferroclectne o ferroclectric phase, then decrease gradually
with the ficld. A minimum is observed at the domain reversal
coercive ficld. The variations of A, and &, (saturated values)
as a functior of Ti concentration are plotted in Tig. 9. Both 4,
and A, show maxima at a certain Trconcentration. The maxi-
mum values of A, = D145 and &, = 0622 appear in the com-
positions of v = 0.08 and 0.006, respecinely.

The k. /k, is calculated as shown in Fig. 10 for the various
compositions. The (k,/k;) value is more than 4.0, and the
maximum value of 4.5 is observed in the composition of
v = 0.066 around the phase boundary between regions Il and
IH, which is about two times greater than in conventional
piczoclectric materials such as PZT shown in Tabic 1. Large
anisotropy in piczoclectricity 1s also observed in 0.9PhZrO.-
1.IPHNO,, which is also a acar-antiferrocicctric matenal.

Table T also lists the data of PPT1O.-based material
((Phu“hcan,‘z)[(c(’l _‘“,l _‘)nruTinw‘}()\ + 2 mol% MnQO). which
is a well-hnown anisotropic piczoclectric developed by
Toshiba.! Although the k,/k, value is farger, the k, valuc itsclf
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Fig. 7. Dcpendence of k, on pulse field, measured in various Ti concentrations.
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Fig. 9. Variation of k, and 4, with T concentrations.
; is smaller than that of the PNZST ceramics. The large an-
I ; il v isotropy can be explained phenomenologically by using a sub-
p P OB b
: : lattice system; the two sublattices provide significant
50 Applied Field = 225 kvkm contribution to the piezoelectric anisotropy. The detailed ex-
PP B planations for this large anisotropy were discussed in a previ-
. : ous paper.*
X i : IV. Conclusiens
o o {1) Piczocleetricity can be controlled casily by an electric
4L0}.0 o - field pulse in the shape memory type PNZST matenals
: : {y = 0.063,0.004),
(2) The ficld-induccd ferroclectric phase shows a
1 1 t 1 piczoclcctric anisotropy larger than in conventional PZT-
097 008 009 i bascd materials.
006 010 (3) 1In comparison with the PUTiO,-based ceramics, the

Fig. 10. Variation of k,/k, with Ti concentration.

Rati i !
Mole Ratio of Ti PNZST cxhibits larger electromechanical coupling with

smaller anisotropy A, /k,.
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Summary of &, and &, for Vavious Ti Concentriations in PhysweNhggitZrgeSnga)i-, i Jorn Oy and Other Materials

Table L.
PNZST tapphicd freid =~ 22 S W\icon

y - 3 y = 0 Und v o= 0066 = D UR0 V- 0 uun G9PZ + 0APT TR FARNTRY A 4 e hased®
ky 0.114 0.123 0137 0.145 0.136 072 (138K O
Ky 0456 (}.501 (1,622 0.575 0.564 (1328 01752 053
k. /k 4.0 445 4.56 4.2 418 4.52 1938 x
N, {Hz - m) 2576 2757 2810 2718 2374
N, (Hz-m) 1691 1970 2018 1801 1736

*(Pby1Cay 2} [{CO: Wirjon Tigw JOh + 2 moic Mn() ‘A, frequensy constant of planar made. N, frequency consiant of thickness mede

The characteristics mentioned above are expected to be
useful for resonators which require control of the prezoclec-

tricity and large piczoelectric amisotropy.
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A New Type of Flextensional Transducer

Robert E Newnham, Qichang Xu, Katsuhiko Onitsuka, Shoko Yoshikawa
Materials Research Laboratory, Pennsylvaria State University
University Park, PA 16802

l. Introduction

Flextensional transducers composed of a piezoelectric ceramic and a shell structure exhibit
good electroacoustic performance {1-2] in which the extensional vibration mode of the
piezoelectric ceramic is coupled to the flexural vibration mode of the metal or polymer
shell. The shell is used as a mechanical transformer for transforming the high acoustic
impedance of the ceramic to the low impedance of the medium. The transducer can
produce large volume velocity on the shell for a low Qm, high efficiency projector, high
stress in the ceramic for a highly sensitive hydrophone, or large displacement for a
compact actuator. {3-5]

This paper describes a new type of flextensional transducer. Its basic structure has little
sunilarity to class V flextensional transducer [6] because there is a different bonding asea.
It is a high performance transducer. A large effective piezoelectric coefficient d13
exceeding 4000pC/N. a high hydrostatic piezoelectric coefficient dn exceeding 600pC/N
and a resistance to pressures higher than 1000psi are obtained from thus single PZT disk -
two metal end caps flextensional transducer [3-5}. The basic configuration and sumplified
model of the transducer are described in section L. Finite Element Analysis (FEA) for the
deformed shape and stress distribution under hydrostatic stress and the vibration dynamic
mode is presented in section lII. The experimental results for hydrophone, transceiver and
actuator applications are discussed in section [V. The bonding materials between PZT and
metal are described in section V.

I1. Configuration and simplified model

Fig.1 shows the basic configuration of the transducer. The ceramic element can either be a
piezoelectric ceramic or an electrostrictive ceramic with single layer or muitilayer. An
electrostrictive ceramic is expected to reduce the hysteresis of the actuator. A multilayer

ceramic element enables lower driving voltages. The "moonie” metal end caps are used as




a displacement magnifier or a mechanical impedance transformer. The relationship
between the displacement of the end caps and the size of the caps and the ceramic 1s
explained below. For simplicity consider a beam with small curvature bonded 10 a ceramic
bar (Fig.2). According to elastic theory [7], the bending moment M under an electroactive
force from the ceramic is as equation (1)

221 112 p2
Tdb-a)-dab(n-) ]
M= 2 (1)

A{i%&b'lnbln‘mhb “a)
- a 4

The electroactive force will be transmitted to the moonie metal caps. The stress in the

metal is :
dE‘YcAc
Tg=— (2}
L] Am

where d = piezoelectric strain coefficient of the ceramic,

E3 = electric field in the ceramic

Yc = Young's modulus of the ceramic,

Ac, Am = cross sectional area of the ceramic and metal, respectively,

andr~a~b.
The normal displacement of the metal produced by the piezoelectric effect of
the ceramic is:

b2
M (T
oM s ava
n= -~z (3)
2 lem 4 bmyme
hm = thickness of the metal
Ym = Young's modulus of the metal
v = applied voltage
Im = moment of inertia of the metal
U
d I L dy d.
n V 4b_Y_98

eff mom (4)




I. Hydrophone application

The dimensions of the sample are d=dp=11mm, de=9mm, hm=hp=Imm and h=0.2mm.
The ceramic is PZT-5, the metal is brass and the bonding material is epoxy. The deformed
shape of the PZT , when a unit pressure (-1.0 unit) is applied to the exterior surface as a
hydrostatic pressure, is given in Fig.4. Fig.5 shows that the stresses in the r and 6
direction are extensional stresses and those in the z direction are mainly compressive
stresses in the PZT ceramic. (See Fig.5) These stresses in the PZT explain why this type
of transducer has very high dh and can withstand high hydrostatic pressure. The first
resonant frequency of the flextensional-mode as-a functron-of the:metal thickness hm of the
hydrophcne is presented in Fig.6. The FEA results are given ~- the calculated curve.
Experimental results are in good agreement with FEA results. The first three vibration
modes are shown in Fig.7.1,Fig.7.2 and Fig. 7.3 respectively.

2. Transceiver (or fishfinder

Flextensional transducers are usually used at frequencies lower than 10kHz. This new type
of transducer can reach high performance by adjusting the cavity diameter or the thickness
of metal end caps to operate up to 100kHz. The50kHz flextensional transducer can not
only reduce the size and weight but can also keep higher figure of merit and wider
directivity patterns measured by Airmar technology corp. than the Langevine type
transducer with same diameter. The sizes of the typical samples for 30kHz fishfinder are
dp=35mm, de=28mm, hm=6, hp=3mm and h=0.2mm. The ceramic is PZT-4, the metal is
aluminum and the bonding material is epoxy. To get a good electrical contact between
PZT ceramic and aluminum end caps, fine mesh made of brass or stainless steel is inserted

into the bonding layer. The typical thickness of this type of bonding layer measured by
SEM is 80 pm.

The configuration of the flextensional transducer for fishfinding is shown in Fig.8. The
first three flextensional resonance frequency modes vs metal thickness are shown in Fig.9.
The first resonance frequency is approximately proportional to (hm)!/2. The cavity
diameter has a large effect to the first and third resonance frequencies, the first resonance
frequency vs cavity diameter is shown in Fig.10. Fig.11.1 shows the thickness of PZT has
littie effect on the first three modes. The results of FEA shows that the first resonance
frequency is approximately proportional to 1/(dp)?, if keeping the dc/dp ratio constant
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(Fig.11.2). Fig.12 shows the resonance frequency vs bond thickness from 0 to 100
um, for two different bonding materials. The thickness of the bonding layer has litte effect

on the resonance characteristics.
1V. Experimental results

l.Hydrophone

The typical PZT-5 - brass flextensional hydrophone element,with epoxy bonding. has
dimensions d=11mm, hp=1.0mm, h=0.15mm, dc=8.5mm. The dielectric constant is
K=1450, tand=0.02 and the lowest flextensional resonant frequency is 54kHz. The

dependence of dy and g on hydrostatic pressure Py is shown in fig.13.

Experimental results show that (1) the effective d33, dh and gh are approximately
proportional to (dc)? and 1/(hm), and (2) the lowest flextensional resonant frequency is
proportional to (km)¥/2- These are confirmed with the simplified model in section L. The
aging under hydrostatic pressure at 350psi is very small for experiments up to 10 days.
Because of the symmetric configuration of the flextensional element, the vibration noise in
the z direction can be very small. A flexible array incorporating four flextensional elements
was tested in |3].

2. Fishfinder transceiver

Samples having three different diameters of 27, 35 and 45mm, have been made to obtain
different resonance frequency ranges. From the FEA analysis, the first resonant mode is
suited for the transmitter. The first resonance frequency.calculated for each sample. is
plotted in Fig.11.2. Experimental values are in accordance with calculated values. The
slight difference observed in the sample with 45mm diameter is thought to be due to the

difference of the cavity diameters because the bonding area is not perfectly circularly
shaped.

Wider directivity patterns of the sample with 35mm diameter,14mm in thickness and
35kHz resonance frequency indicates that this new type of transducer has advantages for
fishfinder applications.

3 . Actuator
The actuators were made from electroded PZT-5A or PMN-PT ceramic disk (I Imm in

diameter and lmm thickness) and brass end caps (from |1 Imm to to 13mm in diameter




with thickness ranging from 0.2 to 3mun). Shallow cavities from 6mm 1o 9mm in
diameter and about 0.15mm center depth were machined into the inner surface of each
brass cap. Most experimental actuator samples are bonded by epoxy or solder. The
displacement of the composite actuator in the low frequency range was measured with a
linear voltage differential transformer (LVDT) having a resolution of approxumately
0.05um. The direct piezoelectric coefficient d33 was measured at a frequency of 100Hz

using a Berlincourt d33 meter.

In Fig.l4, the displacements for the PZT-5A and PMN-PT themselves and their
flextensional actuators with hm=0.5mm and dc=8.5mm are shown. The actuator with
dimensions dp=11mm, hp=1mm, h=0.2mm, . hm=0.4mm, and dc=9.0mm exhibits sizable
displacement as large as 20 pum with a pressure capability of 50 g/mm? (see Fig.15).

As expected in Eq.(4), the effective d13 is proportional to I/hm. In Fig.16. the d:2 values
were measured at the center of the brass end cap using a Berlincournt d33 meter. Values as
high as 4000pC/N, approximately ten times of that of PZT-5A, were obtained with the
moonie actuator. The displacement is largest near the center of the transducer. The
effeciive di3 measured as a function of position are shown in Fig.17. Plots are sh: wn for
two brass thicknesses of 0.3mm and 3.0mm. Ample work area of several mm- are

obtained with the actuator of | lmm diameter.

The creep experiment revealed that keeping a field of 1kV/mm on the epoxy-bonded
actuator for two hours showed no displacement change after | hour (Fig.18). Larger
displacement can be obtained using stacks (Fig.19). Expenimental results show that the

total displacement of the stack is the summation of the displacements of all elements

The 124 layer electrostrictive composite actuator shown in Fig.20 gave the displacement
exhibited in Fig.21. More than I5um displacement can be obtained under an applied
voltage of 150V. Note that this experimental result is obtained with only one metal end cap
on the ceramic stack. If the convex or concave metal end caps are placed on both sudes of
the ceramic sta.x, more than 30pum displacement will be achieved under the applied voltage
of 150V The smaller displacement for the uncapped multilayer ceramic in the same

directson 1s shown for comparison. Iis lowest flextensional resonance frequeicy is
6.4kHz.
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VI. Conclusion

A new type of flextensional transducer has been constructed from piezoelectric PZT or
“electrostrictive ceramic bonded to metal end caps. Shallow spaces under the end caps
produce substantial increase in strain by combining the d33 and d3i contribution of the
ceramic. Very large displacement, effective d33 and dh can be obtained. It is attractive for
hydrophone, transceiver and actuator applications, and is especially advantageous for non-

resonant, low frequency projector in deep water.

FEA shows that under hydrostatic pressure; the radial and tangential stresses in
ceramic are mainly extensional stresses, compressive stresses in z-direction
concentration is high near the bonding tip. This is the reason why this flextensional
transducer has very high dh and high hydrostatic pressure tolerance.

The effective piezoelectric coefficient is approximately inversely proportional to the
metal thickness and proportional to the square of the cavity diameter.

The lowest flextensional resonance frequency is approximrately proportional to the
square root of the metal thickness and virtually independent of ceramic and bonding
layer thickness.

The lowest flextensional mode can produce large volume velocity with loveer side
lobe than conventional piston type transducer.

Using this flextensional transducer as an actuator is very attractive. The
displacement produced by a single element moonie with total thickness of 1.8 mm
can reach 20 pm with load 50g/mm? under the applied electrical field of 1kV/mm.
Recent experiments show that a stacked flextensional element with total thickness
of 3.8mm can reach 28um displacement under an electrical field of 1kV/mm and

the pressure up to 50g/mm?.
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This paper presents a novel approach that demonstrates the usefuiness of
clectrorhieological fibril fortnation to form 1-3 connected ceramic-polymer composites.
These fillers include ferroelectric, polar. metal, semiconductor, and superconductor

crystallie powders. Patierned distributions of ceramic fillers within the polyme- -

can be induced by electric fields apphed between patterned electrodes.

. INTRODUCTION
A. Electroceramic composiles

The studs of electroceramic composites has results
i several new  tanulies of devices with properues
supertor to those obtained from single phase materials.'™
Typically, the success of such composites can be
traced to a well-designed connectivily ol each phase
making up the composite. Where connectivity 1s delined
as the number of dimensions. a component phase
ts connected. These connectivity patierns enhance the
anisotropy of property coefficients and control transport
of heat, charge, and radiation. These connectivity
patterns can take on a number of forms. A full
nomenclature has been described for diphasic and
wiphasic component composite systerms alike.  For
readers unfamiliar with this nomenciature and wish to
read more, we refer them to Ref. 3. This study involved
two diphasic connectivity patterns. namely the subgroups
0-3 and 1-3. These diphasic connectivity patterns are
schematically demonstrated in Fig. 1. The 0-3 case that
refers 1o the active filler phase has zero connectivity,
while the fnactive matnix phase has three-dimensional
connectivity, ie.. a dispersed phase v a surrounding
matrix. The 1-3 case refers to a hiler phass having
connectivity in one dimension, while the matrix phase
iy continuous in all three dimensions.

\Wuith many early electroceramic composites, the size
of the connected phase has been on a scale (>100 um)
that could be processed with convenuonal processing
techniques.'~> Hence, desirable composite connectivity
patierns could be readily obtained. However, present day
and future requirements of component mimaturization
bring with it difficulues in assembling more complex
connectivities. These difficulties primarily are associated
with the mechanicu: assembly of the component parts

Hpresent address. Depuriment of Matersaly Scwence and Engincenng,
University of Fienda. 121 Rhines Hall. Gawneswille, Flenda
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FIG | Schematc representation of the diphasic connectivities 0-3
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and the strong interparticle forces between individual
fitler components. Engineers and materials scientists are
forczd to exploit self-assembling composite systems to
control intelligently the phase or component segregation.
Such examplies of self-assembly include unidirectional
solidification of eutectic compositions or ceramics of
aligned polar-crystallites.“® However, these types of
seif-assembly are exceptional cases and not applicable
10 all composite systems. Ceramic-polymer and metal-
polymer composites require other methods to align or
assemble the niller phase. Magnetic fillers have been
shown to align under magnetic fields, but of course
this has its limitation to paramzznetic or ferromagnetic
fillers.®'0 Other methods of assembling fillers in cesamic-
polymer composites are laminar flow and tape-casting
methods. These methods also have their limitations as
they are very dependent on particle morphoiogy, rheol-
ogy. and particle size for successful texturing.

We present here the use of fbril formation in the
electrorheological effect to aid 1-3 connecuvity and
percolation in composite processing.

B. Eleclrorheological (ER) effect

The electrorheological effect was first discovered by
Winslow in 1949.'" Winslow discovered that in certain

® 1953 Matenals Research Society 1
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suspenstons o change i viscosmity can be obsersed on
apphcttion of an electiie field o these SUSPCHSIOND, The
IR etect can be mduced by both ac and de electoe elds
ke, although the elfect s heguenay dependent.' = On
apphication of the electric ticld there 15 a redistibution
of the dispersed particles mmto chins of aggregates
and/or individual particles nunning between the oppo-
sitely chinged electrodes. These chains ot patticles are
Kitown as tibols [o the conneciivity nomenclature we e
. using here, a change between 0-3 and 123 connecuvity
P/é, s mduced using the TR etlect
' The orizins of the ER etfect ars sull unclear.t™
It is genetally accepted that the electie field induces a

Y

we charge separation on the suspended particles o
m a dipole. The induced dipoles on one susperded
“ticle then mteract with each other in accordance to
serrostatic dipolar-dipelar attracuon. The many body

Lrpolar interactions dove the parucle distnbution 1o

form the dibrils'™ This tpe of modehing has been

successfully demonstrated by
study by Bonnecaze and Brady.”

The basic understanding ol induced particle dipolar
polatization is more controversial. Tt has been sugaeyted

that the dij ole comes from a displaczment of the double

a computer sumudation

Liver andeor efectrostatical mduced suiface charges at
the ftuid particle mtertace: a schamane representaton vl
these two models is shown i Fiz 20 Another contusing
aspect i ER tluids is the role ot water and hydrated sur-
faces. Sume authors teport entnced viscostty changes
wirth the presence of water, winlz othzis have produced
frous ER fAuds with Jargs sscosity chanyges '

are details of the ER thnd behavior that obviously

ced 1o be resolved. However, the apphcations using
scosity changes with ER fluids are being seriously

PR -
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e
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{a) Unpolarited Coub'e Layer

{t) Potarczed Double Loyer

vonsidered tor flud clutches, vabves, clamps, and “smart”
damping control of vibranoas.!™ !

The ann of thiy paper s (o Jemonstrate the potential
uselulness of the electrerheoleyical hbrnd formation in
processing ceranug/metal-polymer composutes.

C. Experimental

As Uns paper 1s mainly concerned with composite
mucrostructural control, much of the experimentation
was performed using microscopy. A number of optical
ceils were developed in order to study in situ observa-
tns of the electrorheological fibril development.

Suhd composites were cured in larger teflon cells
{Fig. 3). Fillers were dried oo 24 h before testing in
order to eluminate water etfects. A number of dilfering
potymers were studied; see Table I Within this group
of thermoset polymer? the viscosiies were sometimes
high, such that during the nuxing of the filler, air was
ncorporated. In these cases the composite nix-and teflon
cell were put under vacuum for a period of 1 h. After
the evacuauon, the electric alignment was performed
at 63 °C for up to | h. depending on the polymer.
further optical microstructural studies to charactenize the
alignment were made on solid polymer composites after
sectiomng wath 2 nucrotome.

li. RESULTS
A. Polymer and filler study

A number of thermoset polymers were tested in
thewr uncured state to determine their fluid statzs as
a pussible host for electrorheological fibnl formation.
Results are shown in Table | Reasons for the success
of one type of polymer over another at a given feld

e et et e
e

£ 1 Schematic representation ot the possible mechamsms for the wnduced polarization in electrorheological fluids: (a) unpolanized double

layer and (h) polanzed doubic Javer
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FIG. 3. Photograph of a typical teflon cell used to fabncate sohd
compusiles.

strenuth and alternating frequency are not known it this
ume. This is the same limitation in our understanding of
the electrorheological phenomena itself.

For successful ER uncured polymers, a wide vari-
ety of filler matenials were tested. including insulators,
semiconductors, and metals. Table 11 shows a list of
these various filler materials, which all showed evidence
for ER fibril formation in successful polymers. The
magnitude of electric field, ~1-2 kV/immm, was based on
previous studies with silicon“oil and BaTiO, powder.'®
Both direct and alternating electric fields can induce fibril
formation of the filler phases. But, with high-vollage
direct fields, electrophoretic motion can ovemde the
fibni alignment. Hence, alternating fields are preferred
in the processing. The frequency conditions were based
on direct optical nucroscopy studies. where the fibril
formation was optunized for frequencies ~10 Hz for
polyvurethane and silicone elastomers and for frequen-
cies from 500-700 Hz for epoxy polymers at room
temperature.

Alrgnment was observed for a wide volume fraction
range 0.1 -23 vol. ¢ in Pb(ZrTi)O; and BaTiOy partcles
in silicon elastomer. Higher volumes of these insula-
tor powders were studied by microstructural studies,
but did not resolve alignment owing to the high den-
sity of puacking. However, electrorheological viscosity

TABLE 1 Polimers and suppliers.

Trade name
and supplier

Fibnl furmation
E = {-2 xV/mm

Yes (10 Hz)
Yes (10 Hz)

Hysol-Dexier, US0043
Sstard- 184, Dow Corning
Eccosil. Einerson Cummings

Polyurethane
Silicon elasicmers

Eccogel Yes (600 Hz)  Eccogel-Emerson Cummings.
1365
Epon 1osin Yesg (600 2y EPON 815-Shell

TABLE 11 Alignment of powdces tn uncured silivon elastomers.

Insulators Semiconductors Metals
BaTiO, Y8 {u;O, 5.8 Aluminum metal
PbTIO, Orag ite Ag cover tesin balls®
Pb2r. Ti}O, SiC fibers Ag cover acrylic fibers®
Ba:TiSizO.
ZrOs
TiOy

Siica glass spheres?

Manufacturers:
*Sphenglass—Potters Industries, Inc.
PMitsubishi Metal Corporation.

changes are found to exist up to 35 vol. %. Figure 4
shows examples of fibril formation in silicone efastomer
with (a) ferroelectric Pb(ZrTi)O; 5 vol. %, (b) dielectric
TiO,, 5 vol. %. and (c) conductive Ag-coated acrylic
fibers 0.5 vol. %, aligned with alternating electric field of
1 KV/mm at 10 Hz. All the results obtained show there
is a wide range of materials capable of fibril alignment
in certain uncured polymer matrices. Particle morphol-
ogy is also important with the alignment process. Both
needle-shaped Ag-coated fibers and SiC fibers align their
axis parallel to the electric field direction; these may be
a consideration if we wish to maximize the anisotropy
of composite properties.

B. Anisotropy of ER-aligned composites

The anisotropy of the ER-formed composites is
demonsirated in Fig. 5. This figure shows the difference
in the transparency of aligned aluminum metal powder,
0.5 vol. % in silicone elastomers. The composite is cut
to the same thickness, 2 mm, paraliel and perpendicular
to the fibrils. The light scatiering along the aligned fibril
direction is reduced compared to fibrils perpendicular to
the viewing direction.

C. Patlerning a composite with
ER-alignment methods

With ER fibril formation, it is possible to align
powder between patliemed elecirode arrays, Figure 6
shows photomicrographs of aligned BaTiQ; fbrils be-
tween discontinuous paraliel electrodes. These results
demonstrate that possibility of manipulating a uniformly
dispersed uncured mixture to one that has nonuniform
mixing of volume fraction and connectivity. There is
a reduction of the local volume fraction in the regions
hetween the elecirodes. Of course, this also corresponds
to an increase in the local volume fraction in the vicinity
between the electrodes. This redistribution of the jocal
volume fraction is owing to dielectrophoretic forces from
the electric fringing fields attracting dielectric media

J. Mater. Res.. Vol. 8. No_ 4. Apr 1993 3
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100pm
A A

(c)
FIG. 4. Fibril fonnation induced with aiernating elecuic fields of | kV/cm and 10 Hz with (3) PXZr, T1)O,, (b) Th0;. and (¢c) Ag-coated
acrylic fibers.
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FIG 5 ta» atterence w the tramsparency tor an electrarheologically
abigned 05 vol % alununum tiller in siwcone elastomer matric cut
parafiel and perpendicula to the tibrils. (by Ahenment of 0.1 vol. %
ot Ag-voated acryhc fibers in silicone elastomer composne.

to a lower energy state between the elecirodes where
uniform electne field hes. %! Figurs 7 shows a poerly
patterned composite using unahigned electrodes. In this
case, frnging fields dominated the electrorheological
aliznment and resulted inill-defined connectivities and
non-umform disinbution of connectivities.

. SUMMARY AND CONCLUSIONS

(1) ER effect using altemating electric fields was
shown 1o align powder fillers s uncured thermoset
polymers.

(2) The alignment conditions vary from polymer
to polymer: a universal understanding of properties nec-
essary 1o exhibit this effect is undeternuined at this time.

(3) Strong amsotropy i< demonstrated with cpuical
scattering with fibril alignr .nt.

1.omm

(b)

FIG 6. Exampies of aligned BaTiO; powder with patierned suipped
electrodes.

(4) In polymers that allowed ER effect to occur, a
widz vartety of electroceramic fillers were found to align
during the curing process. From this diverse group of
fillers, applications of ER-induced anisotropies for con-
ductive connectors, nonlinear [-V varistors, piezoelectric
transducers, pyroelectric sensors, positive temperature
coefficient resistors, and superconductor composites are
all possible.

(5) Pauerning of filler connectivities with discon-
tinuous electrodes is demonstrated within polymer-
ceramic composites.

This novel approach can be applied to a number
of electroceramic composites in order to improve vari-
ous propesties. One limitation to this approach is that
a universal understanding of the interparticle forces

J Mater Res. Vol B. No. 4, Apr 1393 5
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F1G. 7. Nonunitormn aligrmnent of aluminum
trom unuligned elecirodes resulung in strong

metal powder resulting
trnzing fields.

responsible for the electrorheotogical phenomena does
not exist, although working with alteinating fields and

v polymer materials should expand the data base
the electrorheological phenomena. Another excit-
cossibility of this approach is its application to
composites. Nanocomposites can be fabricated to
onnectivities using the ER effect if there is good

dispersion of the nanoscale fller particles within the
uncured polymer.
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Using the dielectrophoretic effect. submicron BaTiO, powders dispersed 1n an uncured silicone elastomer couid be redispersed
into an aligned composite. The cured and ~ligned composttes were microtomed into thin sections and characterized using electron
and optical microscopy. Dielectric characterizations of the aligned composites were also studied and modeiled using the conven-
tronal dielectric mixing rules. Both the microscopy and dielectric characterization suggested the ahgnment of BaT10; parucles in

aquasi 1-3 connectivity pattern paratlel 1o the direction of the applied electric field.

1. Introduction

Dielectrophoretic or electrorheological effects are
usually associated with an electrically induced yield
stress and viscosity variations and used in active
damping control and aiso fluid cluich applications
{1.2]. However, recently we reporied that the di-
electrophoretic alignment could be used to assemble
composites by changing thc conncctivity of dis-
persed filler phases in some uncured polymers before
curing {3.4]. Connectivity is the dimensional rela-
tionship between the phases confined within a com-
posite, and connectivily directly influences the phys-
ical properties of the composite, Application of an
electric field creates a mutual dielectrophoretic at-
traction of neighboring filler particles to form fibnl
chains: if the fibrils are continuous in one dimension
throughout the thickness of the composite, we have

Table |
Sources and related charactenstics of BaTiO, powders

a so-called 1-3 camposite [5].

The aim of this study was 10 demonstrate the pos-
sibility of processing of a nanocomposite using the
dielectrophoretic fibril assembly of submicron crys-
tals in a polymer. The associated microstructure and
dielectric properties were measured and modelled.

2. Experimental

2.1. Raw maierials

The raw materials used in this experiment are all
commercially available. The BaTiO, powders from
three suppliers were used for this study and listed
along with associated powder properties in table 1.

Name Powder processing Panucle size Specific surface
(um) area SSA {m?/g)

Saiki BTO! hydrothermal 0.1 12.7

Saik; BT0S hydrothermal 0.5 2.4

BaTiO, TAM HPB coprecipitation 0.2-0.3 1.0

26 0167-577x/92/% 05.00 © 1992 Elsevier Science Publishers B.V. All nghts reserved.
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The polymer used was 184 Sylgard silicone elasto-
mner, supplied by Dow Corning Lid.

2.2. Preparation of slurry

The silicone elastomer is a thermoset polymer with
part A monomers and oligomers and part B being
the catalyst for the polymerization reaction. The key
to making hiomogeneous and uniform nanocompos-
ites is with the dispersion of powders within the
polymer. This was achieved by gradually mixing the
BaTiO, powders into part A under high shear mixing
with the pestle and mortar. After all the BaTiO,
powder was dispersed in part A, the part B catalyst
was added and the shear mixing process repeated.
Air was removed from the slurry under a vacuum
rotary pump for approximately 20-30 min. The
slurry was then poured into the teflon alignment
chamber, similar 10 onc shown in fig. 1. A second
evacuation of the slurry is performed in the align-
ment chamber for 30 min.

2.3. Alignment under electric ficld

An alternating electric field was applied 1o the
slurry at curing tempceratures of = 60-80°C. An elcc-

Fig. 1. Teflon hotder used for polymerization under application
of an electne field.
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tric field angular frequency of =40 Hz with the root
mean squarc eleciric field strength being = 1 kV/cm
was applied across the curing composite. Curing time
takes approximately th for the sample volumes
x2.5cmx 1 em x 0.8 cm made in the study.

2.4. Characterization

For both microscopy and dielectric characteriza-
tion large area and thin sections are required. To ob-
tain these, microtomed sections were sliced {50~
100 um thick) from the composites. This allowed
optical transmission microscopy to be performed on
thin samples and also reliable diclectric measure-
ments on thin and large area samples using a HP
4790A impedance bridge. For dieleciric measure-
ments, gold clectrodes were sputtered on the surfaces
of the composite sections.

3. Results and discussion

Fig. 2 shows homogeneous dispersion of the typ-
ical alignment of BaTiO, powders in silicone elas-
tomer polymer as observed using transmission op-
tical microscopy. The scanning electron microscopy
(SEM ) analysis demonstrated that the dispersion was
such that individual submicron BaTiO, crystals could
be aligned into fibrils. This phenomenon can be seen

S50y em

Fig. 2. Homogeneous dispersion of aligned BaTiQ, in silicone
elastomer. Magnificanon 100 x.
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in figs. 3a and 3b. The fibrils are discontinuous as
revealed in SEM studies.

The room-temperature (1 kHz) dielectric con-
stant and tan § data for these composites are listed
in table 2. The theoretical estimates of dietectric con-
stant based on using series, parallel, and logarithmic
mixing laws are also listed [5,6]. The relations used
for 1he estirnates are as follows:

1V/K=V,/K,+1,/K, (serieslaw) . N
K=V,K,+1,K, (parallel law) (2)

and

Fig. 3. SEM micrographs of aligned composites with 10 voi% of
BaTiO, (Saiki BT05). (a) Low magnification. (b) high
magnification.
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log K=V, log Kk, +1-log Ky (logarithmic law) .
(3)

Here K is the average dielectric constant of the com-
posite, I’y and I, are the respective volume frac-
tions, and K, and K, are the respective dielectric
constants of phase | and 2. Dielectric constant of
K=300 (1 kHz and at room temperature) was mea-
sured experimentally, The silicone elastomer has a
dielectric constant of 2.8 at | kHz as determined on
pure silicone elastomer samples. The experimentally
determined dielectric constant of BaTiO, powder is
lower than bulk values. This is duc to the fact that
the nature of the diclectric polarization mechanisms
in nanoscale ferroelectric powder has size effects as
discussed by Ishikawi {7] and Uchino et al. [8]. In
addition to this observation, we noted from table 2
that there is a dielectric anisotropy induced by the
dielectrophoretic alignment within the composites.

Using the dielectric constant K, = 300 for BaTi0,
and K;=2.8 for silicone elastomer for the calcula-
tion of the composite ¥ there appears to be a good
agreement, in the case of unaligned dispersed
BaTiO, composites, with the logarithmic mixing rule.
For the composites prepared under electric field, both
scrics and parallel contributions are important. With
the aligned composite sections microtomed longi-
tudinally to the fibril alignment, dielectric constant
measurement agrees with a series mixing. Trans-
verse microtomed sections of composites possess fi-
brils normal to the capacitor electrodes and hence a
high paraliel mixing component becomes important.
From table 2 the measured dielectric constants are
smaller than the theoretical parallel mixing predicts.
This infers that the connectivity being quasi 1-3, that
is 10 say, discontinuous fibrils exist within the com-
posite thickness. Using the predicted parallei dielec-
tric constant and the measured dielectric constant in
the series mixing model it is possible to estimate the
relative parallel contribution to be = 90%. These di-
elnctric measurements suggest a quasi 1-3 composite
and this is consistent with the SEM microstructure
observations, figs. 3a and 3b.

4. Conclusions

Alignment of submicron powders loaded in a sil-
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Tabie 2

Estimated dielectric constants for the series, loganithmic and paralle! connectivity models and for various volume fractions of BaTiO,
powders using dielectric constant values K, = 300 (for BaTiO, (TAM. Sakai}) and K= 2.8 (for silicone elastomer)

Volume Electric field Series Logarithmic Parallel Measured X
(%) (connectivity) {kHz)
20> r.—.,—.,—,'!.- 35 7.1 62 8.0
et "'-00"" 59
209 35 7.1 62 3t
209 35 7.1 62 20
YN
]0"”’ 0949 %% 4 300 s 45 32 33
.-:l’ °:c°o°’i
10 3.1 45 32 3.3
109 HIA 31 4.5 k¥ 11.5
TIVNUARDY
200 T TR 35 7.1 62 3.2
ded O, 9 Ps
20 15 7.1 62 30
209 35 7.1 62 18
108 kN 45 12 40
109 kR | 45 32 37
109 YA 31 45 32 1.5

*> TAM Ceramics. ®' Unaligned dispersion E=0. <’ Section perpendicular to the applied field.
4 Section paralicl to the apphied field. ' Sakai Chemical BT05 (0.5um).

icone elastomer polymer can be achieved by using Acknowledgement

dielectrophoretic effect. Quasi 1-3 composite con-

neclivity is induced and is verificd from electron mi- This work was possiblc thanks to the funding
croscopy observations and the estimated and mea- DARPA Nanocomposite Program NEDO Inlerna-
sured dielectric constant values. tional Joint Research Program No. 3-1203. The SEM

characterization was performed under DOE con-
tract. Many thanks to personnel at the High Tem-
peratures Materials Laboratory at Oak Ridge Na-
tional Laboratories, especially Drs. V. Tennery, T.

29




Volume 15, number §,2

Nolan, and L. Allard. Thanks aiso to Brigette Stum-
berger for technical assistance in microtoming com-
posites and JoAnn Mantz for typing this manuscript.

References
LVEN Weblbothem Bntan o (1omn nis

{21 T.D. Jones. Procecdimgs of 2nd lntern, Conference on ER.
Fluids. Technomic Publishing Company (1989) pp. 14-26.

30

MATERIALS LETTERS

October 1992

[31 C.A. Randall, D.V Milier. 1.H. Adair and AS. Bhalla,
Amencan Ceramic Society 93rd Mecting, Cincinnati {1991 ).

{41 C.A. Randall, D.V. Milier, J. H. Adair and A S. Bhalla, J.
Mater. Res.. submitted for pubhication

[$] R.E. Newnham. Ann. Rev. Mater. Sci. 16 (1986) 47

Jo 11 D Kosgen HEK Bowen and DR Uhilang, Intesdacion
foactmmioy (Wiley Now Vand 19700 09w

FUTE Bk, Plas ey B3 (TUSNS S8

|8] . Uchmo. E.Sadahaga and T. Manrose. J. Am. Ceram, Soc,

72 (1989) 1555,




APPENDIX 22.




Structure Property Relationships in Core-Shell BaTiO3-LiF Ceramics

C. A. Randall, S.F. Wang, D. Laubscher, J.P. Doughenty, and W. Huebner
Materials Research Laboratory
Pennsylvania State University
University Park, PA 16802

Abstract

A sintering, micrastructural . development and-dielectric property study of BaTiO3-LiF
ceramics was performed 1o access the potential applicationﬁr low-fired multilayer capacitors. Not
only does LiF allow for sintering below 1000°C, it also allows for the manipulation of dielectric
properties and interfaces within BaTiQO3-LiF ceramics. Using mixing laws, a model of the
dielectric properties of the core-shell microstructures is presented that agrees well with the
observed experimental data.

Introduction

Ceramic multilayer capacitor (MLC) formulations based on BaTiO3 can be either chemically
or physically modified to exhibit the required temperature-stable dielectric behavior. The so-called
intermediate dielectric constant capacitor compositions, X7R, require less than £15% deviation
from the 25°C diclectric constant ~4000 over a temperature range of -55°C to 125°C. This stability
can result either from chemical substitution in the ceramics or from the presence of core-shell
grains in fine-grained microstructures as reviewed by Kahn et al.!

The core-shell microstructures are the result of a specific type of chemically
inhomogeneous BaTiO3 grains as discussed by Kahn! and Hennings et al.2 In general, additives
and dopants soluble to the perovskite structure are incorporated during grain growth and
densification processes. This is especially true when recrystallization of the liquid phase occurs
during sintering and grain growth is inhibited. These additives are nonuniformly distributed over
grains. Owing to the small amount of additives, many BaTiO3 grains remain undissolved. After
saturation of the liquid phase melt with BaTiO3, a solution-reprecipitation process starts
whereupon smaller particles dissolve and larger ones grow by epitaxially seeding the liquid phase
reprecipitation of perovskite from the melt. Larger particles are rounded because of the dissolving




process and contain only pure BaTiO3. These are embedded into a perovskite shell that contains a
non-uniform chemical distribution of doping.

As this process progresses, more and more additives from the liquid phase are absorbed
into the solid-shells. This depletes the additive concentration in the liquid phase that leads to an
increase in the melting temperature. Eventually, this can lead to a freezing of the liquid phase to a
glassy grain boundary phase. Figure 1 shows a schematic representation of a typical core-shell
wicrostruciure observed in BaTi0O3 compositions.

The core-shell chemical distribution is a thermodynamically unstable state. The large
chemical gradients within the core-shell microstructure are driving forces for diffusion. High
sintering temperatures and/or long sintering times promote a2 more homogeneous distribution of
additives that eventually cause the core-shell microstructure to disappear. This has been clearly
verified by Lu et al. in the BaTi03-ZrO; system with up to 60 hours of sintering.3

The formation of a core-shell microstructure not only requires liquid phase sintering,
solubility of BaTiQj3 into the glass, and reprecipitation of BaTiO3 including additives into the
perovskite structure. There also has to be a limited grain-growth process and limited interdiffusion
to a homogeneous distribution of dopants. Given the correct kinetic balance of these conditions
during processing, the core-shell microstructures can be formed.

In terms of the dielectric properties, another important criterion is that additives must be
Curie shifters4 A Curie shifter is a dopant, that upon entering the perovskite BaTiO3 causes the
paraelectric — ferroelectric and also ferroelectric—ferroelectric transition temperatures to change.
The concentration of the shifter is approximately proportional to the degree of shift in Cune
temperature. In the case of non-uniform distributions of dopant shifters, there will be a
distribution of local Curie temperatures; this then generally lowers and broadens the peak transition
permittivity of pure BaTiO3 ceramics. The dielectric mixing of these various Goped transitions can
be tailored under the processing conditions to form X7R capacitor materials.

The aim of this paper is to report the variety of microstructures developed and the
corresponding dielectric properties in the low-fired LiF-BaTiO3 system. Qualitative and
quantitative descriptions of dielectric behavior, defect chemistry, and microstructural development
is presented and correlated.




2.0, Experimental Procedure

High purity TAM-HPB BaTiO3 powders were used with a reagent grade LiF and BaCO3
powders for liquid phase sintering. Calcination of powders were performed in a platinum crucible
at 850°C for 1 hour. These calcined powders were milled and mixed with binder (DuPont 5400)
to form green ceramic disks. Binder was removed by heating to 500°C for 2 hours. Sintering
followed in a closed crucible for 2 hours with temperatures ranging from 800°C to 1150°C. Phase
purity of ceramics was characterized using Scintag x-ray diffraction analysis. Additionally,
chemical analyses of ceramics were made on bulk samples using a d.c. plasma-emission
spectrometer (Spectrametrics, Inc.) and a Dionex lon Chromatographer,Microstructural analysis is
made on ion-beam thinned samples «...  with a Phillips 420 transmission electron microscope.

Dielectric property analysis was measured as a function of temperature and frequency using
an HP 4274 Bridge. Measurements were taken on platinum sputtered electroded disks on cooling
from 200°C to -150°C over a frequency range from 10-10,000 Hz at a cooling rate of 1°C/min.

3.0 Results
Dielectric Properties:

Dielectric constant and dielectric loss (1and = €”/e") were studied over a temperature range
between -150°C and +200°C for a variety of LiF-BaTiO3 compositions and sintering conditions.
Figure 2 shows a series of dielectric constant temperature curves for LiF-BaTiO3 ceramics sintered
at 850°C for 2 hours. The LiF-BaTiO3 composition range was limited between 0.1 wt% 10 2.0 wt
%, corresponding to mole fractions between 1 mole % and 18 mole %. Important features to be
noted from these curves are the following:

(@) Small dielectric anomalies exist at the pure BaTiO3 transition temperature ~125°C for all
LiF-concentrations studied at 850°C.

(b) The large dielectric constant peak maximum shifts to lower temperatures with higher LiF
concentrations.

(¢) A broadening and lowering of the dielectric constant maximum occurs with higher LiF
concentrations.




{(d) There is also a broadening of the dielectric constant anomalies associat=d
with all phase transitions, cubic—tetragonal, tetragonal—sorthorhombic, and
orthorhombic—rhombohedral, with higher LiF concentrations.

(e) With increased LiF content there is a major shifting of the cubic—tetragonal and
orthorhombic—rhombohedral phase transitions to lower and higher temperatures,
respectively.

Replotting the above data to give temperature dependence of the inverse dielectric constant
(1/K), classic Curie-Weiss behaviour can be observed above 125°C for all LiF concentrations,
Figure 4. This is consistent with an anomaly observed at 125°C (See Figure 2). The paraliel
Curie-Weiss curves imply the transitions at 125°C have similar Curie constants and are consistent
with those of pure BaTiO3, This suggests a pure BaTiO3 phase existing within the LiF-BaTiO3
ceramic.

The dielectric loss temperature dependence is shown in Figure 5 for various LiF-BaTiOs
compositions sintered at 850°C for 2 hours. The dielectric loss shows anomalies corresponding to
phase transitions observed ir: the temperature dependence of the dielectric constant. The dielectric
losses are low (= 0.01 at room temperature) and are very suitable for X7R capacitor applications.

The variation of dielectric constant with LiF content in BaTiO3 ceramics sintered at 1000°C
for 2 hours is shown in Figure 6. The important features to be noted are:

(a) Decrease of the cubic to tetragonal phase transition terperature with LiF content up to
1.0 wt %.

(b) Increase in dielectric constant maxima with LiF content up to 1.0 wt %.
(c) Decrease of dielectric constant maxima with LiF in excess of 1.0 wt %.

(d) Slight decrease in tetragonal—orthorhombic phase transition temperature and a large
increase in the orthorhombic—rhomoohedral transition temperature with increasing
LiF content up to 1.0 wt %.

(¢) Relatively litde broadening of diclectric maximum with LiF content compared to
850°C LiF-BaTiO3 ceramics.




Replotting these data as inverse dielectric constant versus temperature reveals Curie-Weiss
behavior, Figure 7. However, the Curie-Weiss behavior departs slightly from linearity. This is
the result of Curie-Weiss behavior from lower temperatures superimposing on the overall dielectric
characteristics of the ceramic. Note that the Curie-Weiss behaviour is very similar for 1.0 wt %
and above. This suggests that a solubility limit has been reached. Also, distinct Curie-Weiss
behavior for the tetragonal—orthorhombic transitions can be seen for 0.25 and 0.5 wt % LiF. All
of the above dielectric data and the corresponding X-ray diffraction patterns suggest a more
homogeneous LiF distribution exists. The dopants appear to be pinching the three ferroelectric
transitions towards a cubic—rhombohedral phase transition similar to Ba(Sn,Ti)O3 systems, as
studied by Isupov et al.3

With the higher sintering temperature (1100°C) of LiF-BaTiO3 ceramics, the corresponding
dielectric properties are very different. Figure 8 shows the variety of dielectric behaviour for
compositions in the range of 0.25 wt % to 2.0 wt % LiF. Important features to be noted with the
1100°C and 2-hour soak time sintered ceramics are:

(a) Increasing of the dielectric constant maximum with increasing LiF content.

(b) Lowering of the cubic—tetragonal Curie transition temperature with increasing LiF

content.
(c) Broadening of the dielectric constant peaks with increasing LiF content.

(d) No evidence of a dielectric constant anomaly corresponding to a pure BaTiO3 phase
within the ceramic.

(¢) Broad and high dielectric constant (~8000) close to room temperature for 1.0 and 1.5
wt% LiF compositions. These compositions are potentially useful for various capacitor
applications.

Figure 9 shows the temperature dependence of the dielectric loss for the 1100°C - 2-hour
sintered LiF-BaTiO3 ceramics. These ceramics also show low dielectric loss behaviour.
However, with x-ray diffraction and dielectric constant temperature dependence in the 1000°C
sintered samples, there is an increase in the chemical inhomogeneity at 1100°C. We believe that
there is an inhomogeneous loss of Li from the ceramic. These chemical inhomogeneities give rise
to a broad dielectric maximum.




The general trends of the dielectric behaviows with compositions and sintering conditions in
LiF-BaTiO3 systems are discussed in greater detail in Section 4.0.

312 M wural Studies of LiF-BaTiQs_Core-Shell §

Transmission electron microscopy (TEM) studies revealed a wide variety of microstructural
features in the 2 wt % LiF-BaTiO3 ceramics. These microstructural features allow us to
understand the dielectric propertics in more detail, explained later in this paper.

Samples sintered at temperatures 850°C and 1100°C’ reveals that grains exist with (111)
growth twins. This is to be expected in BaTiO3 when fired below the BaTiO3-TiO; peretetic
temperature of 1320°C, as suggested by Schmelz et al.5 Typical (111) twins are shown in Figure
10(a) from a LiF-BaTi03 ceramic sintered @ 857 °C for 2 hours; the corresponding {110] zone axis
diffraction pattern is shown in 10(b). The origin of the (111) twins is believed to be the
intergrowth of topotaxial BagTi}704p planes according to the work of Krasevec et al.”

The grain boundaries on both 850°C and 1100°C sintered ceramics reveal glassy phases at
the triple junctions and along the grain boundary and is believed to be based on the BaO-Li;0-TiO,
system. These glassy phase distributions are typical of liquid phase sintered microstructures.
Figure 11 shows a micrograph revealing the glassy phase distribution in LiF-BaTiU3 ceramics
sintered at 850°C. An additional crystalline second phase of LiTiO, was identified using both
TEM and X-ray diffraction. These findings agree with previous reported studies by Wu et ai.
(1989).8

No evidence for a core-shell structure exists in LiF-BaTiO3 ceramics sintered @ 1100°C.
As can be noted from X-ray diffraction peak broadening and dielectric properties, chemical
inhomogeneity of Li and/or F still exists but not on a scale comparable to the core-shell ceramics.
A direct chemical analysis using energy-dispersive spectroscopy could not be applied to the LiF-
BaTiO3 ceramics. The BaLy and TiKy X-ray peaks overlapped and Li and F characteristic X-
rays were not detectable, owing to absorption of low energy X-rays by the detector window.

For low-temperature (850°C) sintered LiF-BaTiO3 ceramics, core-shell structures are
clearly observed. Figure 12 ® shows a core-shell grain structure in a 2 wt % LiF-BaTiO3 ceramic
sintered at 850°C. The cores have a high density of 90° twin domain configurations corresponding
to the tetragonal (4mm) ferroelectric symmetry of BaTiO3. In the core-shell grains there is often an




associated high density of growth dislocations. Lu et al. suggests that these aislocations may aid
in diffusion and hence aid homogenization of the composition.3 Heating .he grains above the
Curie temperature within the TEM causes the ferroelectric domains to disappear. The structure of
the interface between the shell and core is revealed to be semi-coherent with associated
dislocations.

An estimate of misfit, §, can be obtained from the Burger rector, b, and interspacing of the
dislocations using equation (9)

Ipl
5 )

Where D is the interspacing between dislocations ~ 3 x 108m and lnl is the Burger's vector

magnitude. The Burger's vector being b A a(100) predicts for the LiF-BaTiO3 core-shell structures
a misfit strain, 8 = 1.3% in the high temperature phases. The misfit parameter, §, is described by:

5 = 85 -4
PV
where ag i< cubic phase lattice parameter of the shell region and a; is cubic phase lattice parameter
of core region BaTi03.19 Armstrong et al.point out that the strain mismatch between the core and
shell will tend to give a compressive stress to the core regions, which will in turn affect the
dielectric properties.10 Note that 2 number of previous authors estimate the strains directly from
selected area measurements of the TEM foils. The validity of such a method is doubtful because
the stress is relieved when producing TEM thin foils. However, estimating the strain from the
misfit dislocations is believed to be free of any stress relaxation effects and may be more
represcntative of the stress from a three-dimensional ceramic in its high temperature phase, i.c.
above 130°C.

14, Chemical Distribution of LiF in BaTiO

Although a direct Energy Dispersive Spectroscopy method to determine compositional
variations was not possible, owing to the Ba and Ti X-ray peaks overlapping and the absorption of
low energy of Li and F characteristic X-rays. There are still a number of conclusions to be inferred
regarding the compositional distribution throughout the microstructure, including the crystal-
chemistry of the structure described below.




From the dielectnic studies presented in Secuion 3.0, we can infer that exther Li or F is
entering the perovskite BaTiO3 and causing the shift in paraelectnc —ferroelectric phase transition
temperatures. This, of course, is also confirmed with the formation of core shell microstructure as
discussed in Section 2.1. The question now anses about which additive, Li and/or F, causes the
dramatic changes in microstructure and dielectric properties. An analytical chemical analysis of the
sintered BaTiO3-LiF ceramics is given in Table I. This analysis demonstrates that there has been a
volatilization of F gas, and Li has predominantly been absorbed and remains in the BaTiO3
perovskite structure. This is not consistent with the earlier predictions which suggested that both
Li and F are soluble in BaTiO3 to give a compositional formula, Ba(Tiy.xLiy) (O3.3,F35).8:11
Additionally, there does exist indirect evidence that at high pressure, processed BaTi(O3.5Fy)
perovskites decompose to BaTiO3 and F gas at 650°C!1. This implies that at temperatures used to
sinter BaTiO3-LiF ceramics, F would be given off as a gas. Hence, all the evidence suggests Li is
the impontant dopant in modifying the BaTiO3 diclectric properties.

Table I.

Chemical Analysis of LiF-BaTiO3 Ceramics

Sintering BaTiO3 (HPB)
Temperature +0.5 wt % LiF
wt % Li wt % F
700°C/2 hr. 0.11 0.03
800°C/2 hr. 0.10 0.02
900°C/2hr. 0.09 0.02
1000°C/2 hr. 0.07 0.006
1100°C/2 hr. 0.06 0.003
8




1.0 _Di .

Assuming lithium tc be the important soluble cation in BaTiO3 perovskite, we have to
consider its occupancy in the crystal structure. The possibility of an interstitial lithium is an
extremely unlikely situation, owing to the high packing density and the defect energy calculations
by Lewis and Catlow (1983).12 In this study only substitutional solid solutions are debated.

The substition of Li-cations onto the perovskite A-site is unlikely as there is no required
evidence of Li in a twelve-fold coordinated site.

The most likely occupancy.for. Liwith the perovskite structure is the six-fold octahedral B-
site. Itis noteworthy that the (Shannon and Prewitt) ionic radii for six-fold coordinated lithium is
0.74A, which fits into stable perovskite structures as discussed by Megaw.13 Since Li ions have a
different valence than that of the titanium ion, substitution by lithium produces a charge inbalance,
that has to be compensated through defect chemistry processes. The occupancy of Li on the Ti*4
site constitutes an acceptor doping. These acceptors can be compensated electronically or ionically.
Electronic compensation involves the formation of holes in the valence band and may result in p-
type behavior. lonic compensation occurs when the acceptor dopant fixes the doubly ionized
oxygen vacancies concentration as shown by Hagemann and Thrig.14 1n BaTiOg3, the latter is
nearly always the case. The net effect of the Li ion substition is to change the electro-neutrality
condition of the defect chemistry, i.c.:

2(VBa"1 +4 [VTy""]1 + p + 3[LiTi"’) = n + 2[V6] is expressed using standard
Kroger-Vink notation.

For ionic compensation at intermediate oxygen pressures and close to stoichiometry, the
elecuo-neutrality condition reduces to:

3[LiT™") = 2[ V&)

The [Lit;”") acceptor doping fixes the oxygen vacancy concentration with ionic
compensation. This corresponds to a perovskite compositional formulaton:

Ba(Ti1.xLix) (03.32V03202).




For every Li cation substituting a titanium cation there is an equivalent of one and a half
oxygen vacancies per unit cell. Hence, if Li substitionally occupies the perovskite B-site there is a
corresponding loss of ttania. This is consistent with the discovery of a LiTiO; second phase being
produced during the sintering process. In addition, the low dielectric losses measured in the LiF-
BaTiOj3 ceramics indirectly suggests that the intrinsic electronic conductivity of the ceramic remains
largely unchanged. The frequency dispersion in Figure 6(b) suggests an ionic conductivity
relaxation mechanism or ionic dipole relaxation, roe . So both structural and electrical
properties support the assumption of ionic compensation of the lithium substitution for titanium.

Although the chemical analysis suggests that Li is the dominant soluble additive there exists
a possibility of F occupying the anion sublattice. Hence, for completeness we consider the
substitution of F in addition to Li. We recall a donor has an effective positive charge with respect
to the lattice. In this specific case, the F occupies oxygen sites as a singly ionized donor, Fy* in
Kroger-Vink notation.

Considering the electro-neutrality condition with acceptor Li occupancy of the B-site and F-
donor occupancy of the anion sublattice we obtain:

n+2[VBa"] + 3[LiTi"™] = p + 2[V6) + [F'].
When ionically compensated the electro-neutrality condition reduces to :
3[Lify"] = 2[ V8] + [Fo').
The corresponding general substitutional formula for Li and F in BaTiO3 is then given by:

Ba(Tiy.x(LiTi"")0) ((03-1f2(3x+z))(Fo') v 5)(3x/2-7f2)))-

<

5
It may be that this is self consistent with the previous fonmula when assuming the trivial

case of [Li]>>[F] Le. x>>z, as was experimentally determined in the chemical analysis (Table I).
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The two major influences to be considered for explaining the dielectric behaviour in
BaTiO3 ceramics are traditionally chemical inhomogeneity and internal swesses. Chemical
inhomogeneity has often been regarded as the major source of broad or diffuse phase
transitions in ferroelectrics.

This chemical inhomogeneity can be on a macroscopic scale, demonstrated by
growth striations ~10 to ~100um in ferroelectric tungsten bronze crystals. Microscopic
compositional inhomogeneities are on a submicron scale. This causes the phase transition
temperature and spontancous polarization to vary from one region or “microvolume” to
another. Traditionally, this type of description has been linked with the relaxor-like
ferroelectrics, e.g. Pb(Mg1/3Nb2/3)03, after the work of Smolenskii ‘et al.!5 Recently work
has shown that the original Smolenskii postulates proposed to explain relaxor behaviors are
not valid.16:17 Despite the shortcomings of the Smolenskii model for relaxor ferroelectrics,
we believe the description to be valid for chemical inhomogeneities in systems such as
Ba(Zr,Ti)O3, (Ba,Sr)Ti03.18:19 These are broad phase transition ferroelectrics that do not
have the characteristic dispersive behaviour of dielectric constant and tan8, which determines a
relaxor ferroelectric as described by Cross.20 Below v:: show the Smolenskii compositional
inhomogeneity model can be successfully applied to tiic dielectric properties of LiF-BaTiO;
ceramic with core-shell structures.

Owing to the connectivity of the respective phases in core-shell ceramics, the
dielectric properties are expected to be dominated by the continuous or semicontinuous shell
region volume fraction. The surrounding shell is believed to have microvolumes of various
compositions and hence various paraclectric—ferroelectric transition temperatures. Based
upon the observed microstructural and diclectric behaviour, we developed the following
model. The volume fraction of the core can be described with the following dielectric
temnperature dependence:

<Km> = Kav for 10°CsTs Tc
core 4nC forT2Tc~125C
T-T¢

The Kav is expected to be similar to that of fine-grain BaTiO3 owing to the
compressive stresses, i.c. Kav ~ 4000. We assume the core to be elastically clamped, which
causes the transition to be second order. Therefore, Curie-Weiss temperature coincides with
transition temperature.
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The shell volume fraction is comprised of an inhomogenous distribution of phase
transitions. The general expression for the average dielectric constant of the shell volume
fraction is given by:2Y

400
<K (T)> = JRT-T' (T T
shell —e
o
KT AT

Where f(T°c) is a general diswibution function describing the spread of microvolume
Curie points. This is simply taken to be 2 Gaussian distribution, i.e.:

f(T') = exp ([‘(T'C'Tm)zllaz)
which is centered on Curie maximum temperature, Ty with a width a. The dielectric
temperature dependence K(TiT,) of the individual microvolumes is regarded as a second
order phase transition with transition temperature T¢’, such that:

K(TT) = Ka forT<T

45C forT>T¢

T-T,
where C is the Curie constant and T'¢ is the local Curie temperature of a ferroelectric
microvolume.

These core and shell regions are regarded as the two major contributors to the
diclectric properties of 850°C LiF-BaTiO3 ceramics. With the core-shell structures, there are
both substational series and parallel components to be considered for dielectric mixing.
Hence, the most appropriate mixing law to use is the semi-empirical logarithmic law. The
logarithmic expression for the core-shell ceramic is given by:

log<K(T)> = Vshelt log<K(T)>shell + Vcore 10g<K(T)>care.
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Computer generated dielectric temperature dependence is based on the above model, as seen in
Figure 14. Good agreement is obtained with the experimentally determined dielectric
dependence found within core-shell structures.

The dielectric behaviour of the 1000°C LiF-BaTiO3 is the result of an almost
homogeneous compositional substition. Although there is still some finite diffuseness, this is
very much reduced compared to the core-shell ceramics. The transition temperatures of the
various ferroelectric phases converge at a common temperature with LiF contents up to 1.0%
wt%. This gives rise to an enhancement of the dielectric constant. Beyond this, the solubility
limit appears to have been approached within the grains, Further addition of LiF contributes
to a larger volume fraction of grain boundary phase. This glassy phase has a dielectric
constant many orders of magnitude below the BaTiO3; hence the series mixing of the grain
boundary and grain phases reduces the average the dielectric constant of the ceramic.

As can be inferred from the chemical analysis X-ray diffraction and diclectric
studies, the 1100°C LiF-BaTiOj ceramic sintered samples have an inhomogeneous
decomposition of the Ba(Ti1.,LQ(03.3,‘/2V63,/2) composition. This additional
inhomogeneity accounts for the corresponding increase in diffusions in the 1100°C LiF-
BaTiO3 ceramics.

4.0. Summary and Conclusions

The dielectric and microstructural properties have been studied over a wide range of
sintering conditions. A wide range of properties are found to occur owing to a variety of
chemical inhomogeneities present within the ceramic processing.

A shifting of the Curie temperatures is owing to the solubility of lithium on BaTiO3 to
form Ba('l‘il-xLi;()03___3_5\/6_3_5 The corresponding diclectric properties were accounted for by

2 2
using a statistical distribution of ferroelectric transitions. A semi-quantitative analysis was

made for LiF-BaTiO3 sintered at 850°C which possessed a core-shell microstructure. The low
firing temperature of $50°C and the dielectric temperature dependence are very attractive for
X7R capacitor applications.
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Pure BsTiO, ] Highly doped region

Figure 1. Schematic representation of a typical core-shell microstructure
observed in BaTiO3 composition.
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Figure 10. (a) TEM micrograph of (111) growth twin presence in the
BaTiO3 with 2wt% LiF sintered at 850°C for 2 hours.
(b) The corresponding [110] selected area diffraction
pattern of (a).
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Figure 11. TEM micrograph of BaTiOj3 sintered with 2wt% LiF at 850°C for
2 hours, showing glassy phases in the grain boundary regions.
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Figure 12. TEM micrograph showing grain core shell structure of LiF-fluxed
BaTiO; sintered at 850°C.

25




3000

:

2

Dielectric Constant

0 . ! . \ . | s 1
-50 0 50 100 150
Temperature (°C)

Figure 13. Calculated and experimental dielectric constant with temperature
for BaTiO3 sintered with 2wt% LiF at 850°C.

26




THIS
PAGE
IS
MISSING
IN
ORIGINAL
DOCUMENT

3]




10.

11

12.

13.

14,

15.

16.

References

B.S. Rawal, M. Kahn, and W.R. Buessem, “Grain Core-Grain Shell Structures in
BaTiO3 Based Dielectrics™ in Advances in Ceramics, Vol. 1, Grain Boundary
Phenomena in Electronic Ceramics, Edited by L.M. Levinson. American Ceramic
Society, Columbus, OH, 1981.

D. Hennings and G. Rosenstein, *“Temperature-Stable Dielectrics Based on Chemically
Inhomogeneous BaTiO3,” J. Am. Cerm. Soc., Vol. 67, No.4, 249-255 (1985).

H.Y. Lu, J.S. Bow, and W.H. Déng. *Core-Shell Structures in ZrO,-Modified BaTiO3
Ceramic,” J.LAm. Ceram., Vol. 73, No. 12, 3562-68 (1990).

B. Jaffe, W.R. Cook, H. Jaffe, Piezoelectric Ceramic, Academic Press, New York,
1971.

G.H. Smolenski and V.A. Isupov, Sov. Phys. Tech. Phys., Vol. 24, 1375 (1954).

H. Schmelz and A. Meyer, “The Evidence of Abnormalous Grain Growth Below the
Eutectic Temperature in BaTiO3 Ceramic,” Dtsch. Keram. Ges. 59, No. 8/9, 436-440
(1982).

V. Krasevec, M. Drofenik, and D. Kolar, “Genesis of (111) Twin in Barium Titanate,”
J. Am. Ceram. Soc., Vol. 73, No. 4, 856-860 (1990).

J.N. Lin and T.B. Wu, “Wetting Reaction Between Lithium Fluoride and Barium
Titanate,” J.,Am. Ceram. Soc., Vol. 72, No. 9, 1709-12 (1989).

D.A. Porter and K.E. Easterling, “Phase Transformations in Metals and Alloys,” Van
Nostrand Reinhold, Inc., 1981.

T.R. Armstrong and R.C. Buchanan, “Influence of Core-Shell Grains on the Internal
Stress State and Permittivity Response of Zirconia-Modified barium Titanate,” J.Am.
Ceram. Soc., Vol. 73, No. §, 1268-73 (1990).

T. Endo, T. Kobayashi, T. Sato, and M. Shimada, “High Pressure Synthesis and
Electrical Properties of BaTiO3.xFyx, “'J Mater. Sci., Vol. 25, 619-621 (1990).

G.V. Lewis and C.R.N.A. Catlow, “Computer Modeling of Barium Titanate,” Rad.
Effects, Vol. 73, 307-14 (1983).

H.D. Megaw, “Temperature Changes in the Crystal Structure of Barium Titanate
Oxide,” Proc. Phys. Soc. London, Vol. A189, 261-83 (1947).

H.J. Hagemann and H. Ihrig, “Valence Changc and Phase Stability of 3d-doped
BaTiO3," Phys. Rev. Vol. B20, 3871-3878 (1979).

G.A. Smolenski, “Physical Phenomena in Ferroelectrics with Diffuse Phase
Transitions,” J. Phys. Soc. Jap. Suppl., Vol. 28, 26 (1970).

D.D. Viehland, Ph.D. Dissertation, Pennsylvania State University, 1991.

28




17.
18.

19.

20.

21.

C.A. Randall and A.S. Bhalla, “Nanostructural-Property Relations in Complex Lead
Perovskites,” Jap. J. Appl. Phys., Vol. 29, No. 2, No. 2, 327-333 (1990).

I1.C. Ho and S.L. Fu, “Effects of Zirconium on the Structural and Dielectric Properties
of (Ba, Sr)TiO3 Solid Solution,” J. Mater. Sci., Vol. 25, 4699-4703 (1990).

D. Hennings and A. Schnell, “Diffuse Ferroelectric Phase Transitions in
Ba(Ti}.yZry)O3 Ceramic,” J.Am. Ceram. Soc., Vol. 65 No. 22, 539-544 (1982).

N. Setter and L.E. Cross, “The Role of B-Site Cation Disorder in Diffuse Phase
Transition Behavior of Perovskite Ferroelectrics,” J. Appl. Phys. Vol. 51, No 8, 4356-
4360 (1980).

H. Diamond, *“Variation of Permittivity with Electric Filed in the Perovskite-Like
Ferroelectrics,” J. Appl. Phys., Vol 32, No. 5, 909-915 (1961).

29




APPENDIX 23




Spatial Variations of Polarization in Ferroelectrics and Related Materials
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Abstract

Electron microscopy studies in lanthanum doped lead titanate reveals the evolution of a
spatial modulation in the magnitude of the spontaneous polarization with the increase of the
lanthanum dopant. On the incorporation of ~ 25 atom percent lanthanum, the conventional domain
structure becomes ill-defined, and tweed microstructures are observed. The structural information
can be associated with the change from normal ferroelectric to diffuse ferroelectric phase transition
behavior. Different from twin structures, these modulated structures represent a new type of
polarization variation existing within a single domain. Further understanding of the observed
spatial variation in polarization requires structural analysis at the atomic scale. Holographic
electron microscopy is proposed as a potential tool to study various polarization gradients in
ferroelectric maternials. Understanding the spatial variations in polarization is essential to more

fully comprehend the extrinsic contributions to the elasto-dielectric properties in ferroelectrics.




Introduction

Mesoscopic structures within ferroelectrics and related materials have important
consequences with respect to the macroscopic elasto-dielectric properties. These structures exist
on a scale of a few tens to a few thousands of angstroms and include defect structures within the
lattice as well as the polarization domain structures associated with the ferroic phase transition. In
general, there are two contributions to the elasto-dielectric properties: the intrinsic contribution,
which is related to thc ferroelectric (antiferroelectric) atomic structure, and the extrinsic
contribution, which is associated with domains and defects.!Z In technologically important
materials, such as Pb(Zr,Ti)O3, the extrinsic factors can contribute as much as 70% to the total
elasto-dielectric response (see Figure 1). Therefore, it is necessary to develop a greater
understanding of all the possible defect and polarization mechanisms which could contribute to the
extrinsic elasto-dielectric properties. However, a comprehensive theoretical description of the
extrinsic contributions is currently not in place.

The most common mesoscopic structures associated with ferroelectric and related materials
are domains and domain walls. Domains form at the phase transition and relate the low
temperature phase to the high temperature prototype phase via certain symmetry constraints. In the
examnple of “normal” first- or second-order ferroelectric transitions, each domain is an area of
uniform polarization, and the boundary which divides two domains (i.e. a twin structure) is known
as the domain wall. The domain wall is a region of distorted crystal structure in which there exists
a spatal transition of the polarization from one orientation state to another.

There are two main types of twin structures. One type is a twin with inversion symmetry of
the polarization but in which the strain is the same in both variants. The second type is a twin of
two variants with different orientation for both polarization and strain. Ferroelectric twins are
typically of the head to tail configuration. There are reports of other domain configurations, such
as head-to-head types, but these have not been extensively investigated.34

The fine structure of the ferroelectric domain walls depends on a number of inter-related
parameters: including the symmetry, temperature, order of the phase transition, spontaneous
polarization, and the electrostrictive and elastic compliances. A number of analytical descriptions
now exist to describe the spatial variation of the order parameter in a ferroelectric domain wall.3.6.7
However, some of the parameters required by the theory cannot be easily acquired with current
experimental techniques, and so there is a need to develop new experimental methods to study
polanzation variations in these materials.

Defects and dopants are known to have a strong influence on the elasto-dielectric properties
of ferroelectrics and related materials. Theoretical treatments of the role of defects near structural
phase transitions are usually restricted to defect densities that are much less than the reciprocal
correlation volume (~ 1018 cm-3).8 In the perovskite ferroelectrics of commercial interest, such a

situaton is almost never realized.
2




This article outlines some of the results observed by diffraction contrast electron
microscopy in perovskite-based ferroelectrics.!® From these results, and requirements of the
theoretical developments, there is an urgent need to experimentally investigate the polarization
gradients, both within the domain region and in the region of the domain wall. Electron
holography is discussed as a technique potentially capable of quantifying the polarization gradients
in these materials.

Results and Discussion
La-doping in PZT-based Perovskites

Doping in Pb(Zr,Ti)O3-based materials by lanthanum is used as a means to soften the
switching characteristics of piezoelectric materials.!l Additionally, the incorporation of lanthanum
facilitates the fabrication of transparent ceramics for ar. optoelectronic applications!2 In general,
doping with lanthanum has a significant influence on many of the elasto-dielectric properties. For
sufficiently high levels of doping in Zr-rich PZT compositions, this leads to the observation of
diffuse phase transition behavior having strong dielectric dispersion. Ferroelectrics with this
behavior are generally referred to as relaxors, and are of technological importance owing to their
unique electrostrictive, capacitive, and optoelectronic properties. The domain structures of relaxor
(Pb,La)(Zr,Ti)O3 (PLZT) ceramics are difficult to study using transmission electron microscopy.
However, by carefully cooling a 8.2/70/30 composition, a microdomain contrast could be detected,
as shown in Figure 2(a). Under the irradiation of the electron beam, the domain structure is
unstabie. By agitating the structure through focusing/defocusing the beam, the domain
configuration ransforms to a more stable ordered structure, Figure 2(b). It is believed that
thermally induced stresses switch the microdomain structure to a new domain configuration.13

The end-member of the PZT solid solution, PbTiO3, has the highest transition temperature
(Tc = 490 °C) and the largest strain (c/a -1 ~ 6.5 %) within the perovskite family. This makes
PbTiO3 an ideal material to study by transmission electron microscopy. Doping PbTiO3 with
lanthanum (PLT) reduces both the phase transition temperature and the characteristic discontinuity
of the first-order transition. A systematic study of the structural effect of lanthanum on the polar
domain structure in PLT ceramics reveals the development of a strain texture within the normal
domains, Figure 3(a),(b).(c). Using diffraction contrast invisibility conditions, we were able to
deduce that the texture is the result of a non-uniform spontaneous deformation along the c-axis
within the domain. As shown in Figure 3(a), for a sample doped with 1 atom % La, there is no
evidence of a texture. As the lanthanum concentration is increased from between 5 and 10 atom %,
texturing appears, and this becomes progressively more pronounced with increasing dopant
concentration. When the dopant concentration reaches 25 atom %, a normal domain structure is
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not identified, and a full cross-hatched or "tweed" domain structure is observed below the
transition terperature, Fig. 3d. Similar structures have been observed in ferroelastic sysems such
as YRap(Cr9Fep,03)307-8 and Mg- Cordierite.!4.15 Inhomogeneous polarization distributions
are not unique to the PLZT system, but also exist in the complex lead Pb(B B )O3 perovskite
systems. In these systems, the intermediate scale B-site cation ordering is the source of the
polarization modulation.!6 In order to further our understanding of the polarization variation in
these materials, we need to develop a technique to quantify the polarization gradients and defect
structures. In this regard, the potential of the electron holography technique is discussed below.

Electron Holography

The idea of using cohereiit electrons in electron microscopy was proposed in 1949 by
Gabor in an attempt to extend the limits of electron microscope resolution.!” However, thie
realization of electron holography was achieved only in the 1980’s owing to the development of a
coherent ficld-emission electron beam. Commercial instruments for eiectron holography have heen
developed by Hitachi Ltd. and Philips but have only recently become available. The principle of
electron holography is similar to that of optical holography, in which the the phase and amplitude
of the electron beam are recorded simultaneously. Because the phase change is much more
sensitive than the amplitude variation, more information can be gathered from holographic images
as compared with conventional and high resolution electron microscopy. There have been a variety
of applications for this new technique starting since 1970. especially in the stedy of magnetic
domains and fluxons in superconducting materials. 18

Recently the possibility of using the holography technique to study ferroelectric domain
walls and cther defect structures in ferroelectrics was recognized. Some encouraging results have
been reported on the profiles of domain walls, as shown in Figure 4.1% The kink-like electron
interference fringe pattern closely resembles the space profile of the polarization vector across a
domain wall as predicted by the Landau-Ginzburg model.3¢ Although a complete theoretical
description of the fringe profile in Ref. 18 is not currently available, the fact that the electric field
variation can be probed on a scale less than 1 A is both exciting and promising.

It has been demonstrated that the electron holography technique may also be used to study
the location of aliovalent dopants inside crystal structures through the perturbed local electric fields.
As shown in Fig. 4a the fringe bifurcations occurred across the domain wall. Potential contour
reveals there are charge centers attracted to the domain wall (see Figure 4b).20 This information
may lead to a significant advance in the understanding of the effect of dopants, and may shed new
light on the study of interactions between the dopants and domain walls and other polarization
modulations as described above.




Quantitative study of the polarization profiles can have a significant impact on the
fundamental understanaing of ferroelectrics. Once the relationship between the fringe variation and
the polarization space profile is established, one can obtain the polarization gradient coefficients
through back fitting the observed domain profiles to the theoreticai results on domain walls.”? These
gradient coefficients are a measure of the nonlocal coupling strength. Using lattice dynamics, one
may correlate these gradient coefficients to the dispersion surface near the soft mode of the
paraelectric-ferroclectric phase transition.2! Hence, the electron holography technique, together
with the continuum mode! described in Ref. 6, can potentially provide a methodology to study the
characteristics of the over damped soft mode in systems such as BaTiO3, which could not be
directly probed through inelastic neutron scattering.

As a new technique, many problenus still exist in the electron holography, especially with
regard to the interpretation of the observed fringes. In principle, the total phase shift of high
energy coherent electrons passing through a ferroelectric thin sample may be calculated from the
following equation22

(X0.¥o) = fEJ‘ V(xo.¥o0.2)dz

where A is the electron wavelength, x, and y,, define the point on the thin sample, X is the electron
energy, and V(xq,y0.2) represents the electrical potential experienced by the traveling electrons.
However, V(x4,y0,2) represents the total potential, and it is quite difficult to delineate contributions
from the “bound” charges (relevant to the polarization) and the “free” charges (relevant to
compensation). We believe this is the main reason for the inconsistencies encountered in the
current studies of ferroelectrics using electron holography. More theoretical analysis of the
interpretation of the holography results is in order.

Conclusions

Ohservations by conventional transmission electron microscopy techniques on ferroelectric
and related materials reveal a variety of polanization modulations which can be induced when there
exists coupling of the primary order parameter to symmetry breaking defects. From the evolution
of the modulated structures and domain structures, one can see some link between these
mesoscopic structures and the extrinsic elasto-die'ectric properties.

A new electron-microscopy technique using coherent electrons known as electron
holography opens up opportunities in the study of domain walls and defect structures. In this
technique, phase shifts can be correlated to local variations of the electrost: ... fields within
materials. Further development of this new technique in the study of ferroelectrics may help us to




gain new insight inio the mechanisms of extrinsic contributions to the macroscopic elasto-dielectric
properties.

Acknowledgements

We wish to thank ONR Grant No. N00014-89-J-1689 and AFOSR-91-0433
for pantly funding this program. We also wish to thank Drs. D. C. Joy, Xiao Zhang, and Larry
Allard for many useful conversations regarding electron holography and Dr. L.E. Cross for
discussions on feiroelectrics in general.




References:

1
2
3

00 N N v A

10

11

12
13
14
15
16
17
18

19
20

21
22

M. Marutake, J. Phys. Soc. Japan, 11, 807 (1956).

A. G. Luchaninov, L. Z. Potikha and V. A. Rogozin, Zh. Tekh. Fiz., 50, 616 (1080).
S. L. Yakunin, V.V. Shakmanov, G. V. Spivak and N. V. Vasileva, Sov. Phys. Solid
State, 14, 310 (1972).

C. A. Randall, D. J. Barber, and R. W. Whatmore, J. Mat. Sci., 22, 925 (1987).

V.A. Zimov, Sov. Phys. JETP 35, 822 (1959).

W. Cao and L. E. Cross, Phys. Rev. B 44, 5 (1990).

W. Cao and G. R. Barsch, Phys. Rev. B 41, 4334 (1990).

A. P. Levanyuk and A. S. Sigov, in"Defects and Structural Phase Transitions” Gordon
and Breach Science Publisher, New York (1987)."

E. K. H. Salje, Acta Cryst., A47, 453 (1991).

P. Hirsch, A. Howie, R. B. Nicholson, D. W. Pashley, M. J. Whelan "Electron
Microscopy of Thin Crystals” Robet Krieger Publishing Co. New York (1965).

B. Jaffe, W. R. Cook and H. Jaffe, in "Piezoelectric Ceramics" Academic Press Inc., New
York (1971).

G. H. Haertling and C. E. Land, Am. Cer. Soc., 54, 1 (1971).

C. A. Randall, D. J. Barber, and R. W. Whatmore, J. Microsc., 145, 275 (1987).

Y. Zhu, J. Jaffe and M. Suenagan, MRS Bul., 54 (1991).

E. K. H. Salje, Phase Transitions, 34, 25 (1991).

C. A. Randall, A. S. Bhalla, T. R. Shrout and L. E. Cross, J. Mat. Res., 5, 829 (1990),.
D. Gabor, Proc. R. Soc. London, Ser. A. 197, 454 (1949).

see the review article by A. Tonomura, Rev. of Mod. Phys., 59, 639 (1987) and the
references thereafter.

X. Zhang, T. Hashimoto, and D.C. Joy, Appl. Phys. Lett. 60, 784 (1992).

X. Zhang and D. C. Joy, Presentation in Materials socier Meeting, Boston,
Massachusetts, 1992,

W. Cao, to be published.

G.F. Missiroli,G. Pozzi, and U. Valdré, J. Phys. E 14, 549 (1981).




Figure Captions

Figure 1.

Figure 2.

Figure 3

Figure 4

Figure 5

Temperature depcndance of the dielectric permittivity of doped-PZT ceramics. The
theoretical value from the Landau-Devonshire theory is also shown.

(a) Bright field image of liquid nitrogen cooled PLZT 8.2/70/30 relaxor ferroclectric
revealing a microdomain structure. { b) An in situ switched pseudo-domain
structure of (a).

Bright field image of domain structures in a solid solution series
(Pb}.3x/2Lax)TiO3 with four different La contents.

An electron hologram of a 90° domain wall in BaTiO3, the fringe bending is related
to the polarization difference across the domain wall (ref. 19).

(a) An electron hologram showing anomalous fringe bifurcations in a 90° domain
wall in BaTiO3. (b) Electron interferogram of the same area of (a) shows charge
defect centers within the wall (courtesy of Drs. D. Joy and X. Zhang).20
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Lead Zirconate Titanate Films on Nickel-Titanium Shape Memory

Alloys: SMARTIES

Jayu Chen. Qi Chang Xu. Michael Blaszkiewicz, Richard Mever, It and Robert E. Newnham”

Materials Rescarch Laboratory. The Peansybiania State Tanersity, Unnerats Park. Peansyivania

Thin films of 52/48 PZT have been deposited on Ni-Ti shape
memory alloys using a sol-gel spin-on method. Microme-
ter-thick PZT films adhere well to the alloy for strains as
large as 0.4 %, and they rctain their ferroelectric properties
during repeated cycling through the shape mcmory
transformation.

I. Introduction

SMART MATERIALS have the ability to perform both sensing
and actuating functions.' Pussively smart materials, such as
varistors and positive lemperature coefficient thermistors,
respond to external change in a useful manner without assis-
lance, whereas actively smart materials have a feedback loop
which allows them to recognize the change and imtiate an
appropriate response through an actuator circuit. Applications
of actively smart materials include vibration-damping systems
for outer-space platforms® and electrically controlled automo-
bile suspension systems using a multilayer piezoelecinc
ceramic as both sensor and actuator.’

Poled PZT (PbZr, . T1,0,) ceramics are natural candidates
for applications as smart materials because of their sensitive
response to weak stresses through the direct prezoelectric effect
and their ability to generate powerful forces by means of the
converse piezoclectne effect. An important advantage of piezo-
electric actuators is that the strain response (o an applied elec-
tnic field 1s very fast, ofien on the order of microseconds. Their
prncipal disadvantage is that the magnitude of the strain 15
quite small (<10°’), generatng displacements of only a few
micrometers.*

Shape memory alloys.® on the other hand. develop very sub-
stantial forces and strains of several percent or more, but they
are very slow because of the long thermal time constants.

By combining shape memory alloys with piezoelectric
ceramics we ntend to fabricate a family of smart matenals
which retain the best characteristics of both types of actuators.
We call these composites “SMARTIES.” an acronym for
“Shape Memory Actuators and Regulating Transducers for
Intelligent Electronic Systems.” There are a number of ways in
which the alloys and ceramics can be assembled in different
connectivity patlterns® to optimize the actuating and sensing
functions. In this report, we describe a simple 2-2 composite
in which sol-gel films of PZT are laid down on nbbons of
Ni-Ti shape memory alloy. Subsequent papers will descnibe
SMARTIES with 1-3 connectivity® and strain-amplifying
mechanisms similar to the moonie."™

G H_ Haerthing—<oniributing editor

Manuscnpt No 195566 Recerved June 24, 1992, approved August 5. 1992

Supported by the Electronics Technology and Devices Laboratory under the aus-
pices of the U.S Army Research Office s Screntific Services Program
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Il. Preparation and Characterization

Thin films of PZT (52/48) were coated on a shape memarsy
alloy foit uaing a sol—gel spin-on techmque. Preparation of the
films 1involved the follow ing processing steps. Lead acetate tn-
hydrate was dissolved i 2-methoxyethanol at 70°C  and
reluxed The water of hydration from this lead precursor was
duistilled through a reflux condenser to tacilitate the additon of
monture-sensiive alhoxides of ttamium and zirconium. The
by products of the reaction were expelied. tollowing prolonged
refluxing, at 125°C. The solution was partiatly hydroly zed. and
a controlled amount of acid.or base was added as catalyst
Films were fubnicated by a multistep spin-on techmqgue. with
prrotysis at 400°C after each step to remove the orgamcs. Films
were built up to the desired thickness and then crystalhized to
obtain the perovskite phase by annealing at temperatures above
S00°C.

The Ni-T: shape memory alloys were commercially supplied
{Shape Memory Applications. Inc.. Sunnyvale, CA) Square
foils. 25 mm x 25 mm x 0.1 mm, were ysed in the iminal
experiments. The mantensite-austenite phase transformation
w3as at 82°C. Prior to coating with PZT. the foils were cleaned
using consecutive washes of acetone, NH,OH. and HCI.

The tred PZT films were charactenzed by X-ray diffraction.
All himes were indexcd on the perovshite unit cell, cuisistent
with single-phase behavior. Scanning electron microscupy
images ndicated a grain size of less than | pm

The dielectnic properties of the PZT thin film were assessed
in terms of the dielectric constant ¢, and loss factor tan &
Dielectric measurements were conducted using an impedance
analvzer (Model 4192A  Hewlen-Packard Co . Palo Alto. CA)
at room temperature. Gold electrodes. 0 6 mm n diameter,
were sputtered on the top of the film. The Ni-Ti alloy was uved
as the counter elecirode. The capacitance spots vaned by jess
than 5%. indicating a sattsfactory degree of homogeneity in the
properties of the film. The permittivity and loss lactor of a
0 6-um film were measured over a frequency range from 10
kHz 1o 10 MHz. The relaxation {requency of the film was about
2 MHaz, which imphes that the film has a thin interfacial layer
but can be used at moderately high frequencies The dielectric
constant and loss factor at 100 kHz were about 700 and 0 U3,
respectively, comparable 1o that of the bulk ceramics *

Ferroclectnic hysteresis was examined using a loop tracer to
follow the polanzation reversal behavior of the films The satu-
ration field of a 0.6-um PZT Alm on Nuttnol (Nickel-Trtanium
Naval Ordnance Laboratory alloy) was about i00 kV/cm with a
remanent polarization value of 15 pCrem’.

Il

Mechanical- and electrical-testing experiments were con-
ducted on a second specimen consisting of a PLZT film depos-
ited on Nitinol using the same sol-gel spin-on method. A
rhombohedral 6/65/35 PLZT film was fired on Ni-Ti alloy at
700°C for 1S s to a final thickness of 1.4 um. A number of goid
spot electrodes 0.6 mm in diameter were again sputtered on the
upper surface of the PLZT. The substrate was 2 Ni-Ti alloy nb-
bon 23 mm long. 3 mm wide, and 0.1 mm thick.

Shape Memory Experiments
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The objective of this <tudy was 10 assess the dietectric behay.
101 of the ferroelectne film as the metal substrate underwent s
shape memory cycle. First, the SMARTIE composite flm was
ewununed under an optical microscope and its electrical propes-
ties measured The dielectric constant at 500 Hz was 1160 and
the loss tangent was 0.02. The hysteresis toop obtained with a
Suwyer-Tower circuit gave a remnant polarization of 36.7
pnCiem’, very close to the bulk value of 34.8 pCrem’.® The
coercive field of 9.7 KWViem was only slightly larger than the
reported bulk value of 8.7 kV/iem.

Next. the composite film was bent around a 2. 5-cm-diameter
mandrel correspunding 10 an elongation of 0.4%. The
SMARTIE film was then heated on a hot plate to a temperatyre
above the 82°C martensitic-austemitic phase transformation of
the shape memory atloy, causing it to revert back to the original
flat shape. No change in the adhering PLZT Alm was observed
under microscopic examimastion. The electrical properties were
remeasured and remained unchanged.

Consderable craching was observed when the-biluyer.com-
postte was bent around o 1 9-cm-diameter mandrel. equivalent
to a stram of (1.5% . Numeroys fractures caused the electrode o
it off the surface. and even after the substrate was heated back
to s onginal shape. craching was sull evident and the open-
cireut condition remained

Simdar mechanical behasior was observed for the PZT films
deposited on the shape memaory alloy. Both types of tilms were
deposited on films wn which the magor axis of the nbbon was
perpendicular to the rothng direction of the shape memory
allos The texture of the Ni-Th alloy surfaces adversely affected
the mechanical strength of the ferroelectric films.

vol. 78, No 10

IV, Summary

Thin films of PZT and PLZT have been successfully grown
on shape memory atloy substrates with both the ferroelectnic
and the shape memory alloy retamning their useful properties
Measurements of the piezoeleciric properties are n progress
and we expect to develop a family of smart composites. 1wo-
stage actuators, and tunable tramsducen™ from these biluser
SMARTIES.

Acknowledgments: We wish to thank M« Shoko Yoshrkawa and
Dry L. E Cross and Arthur Ballate for helptul discussions

References

‘R E Newnham and G R Ruwhau. “Snurt Electrovctamies.” J am
Ceram Soe . 14{1] 46180 (19914

'S Burke and J E Hubbard. “Active Vibeation Control of & Simphs Sup-
posted Beam Usimg 3 Spanally Distnbated Actuatn.” JREE Comtral Siaems
Mugazme. 7, 25~ ) (19%7)

H Twha J Nakomo, snd ¥ Yokova, "4 New Elevtnann Conirolied Sus-
pension Using Presoelectne Ceramies’ prosented ot TREL Waorkshop on Lice -
trome Appheatioas in Transportation. 1990

‘N Udhina, Prezaclccirn . Eleareiniri e Aciators Morikig Publishers
Tokrvo, Japan. 1986

L Schethy, “Shape Memeny Alloss " Soc 4m L 241, T4-K2 01979

‘R E Newsham. D P Skinner snd L B Crose, “Connectisiy and Preso-
clecine Composates.” Mater Reo Bull (1Y, S25-361197%)

‘Q C Nu. S Yomhihawa J R Belak. and R B Newnhani. “Presoviedton
Composges with High Senvtoniy and High Capacitance for Use ot High Pres.
sures.” IEEE Trans Ulirason Ferraelevir  Freq Comrol, UFFC-38 [6)
[ SRUFRE

'Y Sugawara. K Onisuka, § Yodwbaws O Xu R E Newnham and
K Uchino. “Metgl-Ceramic Componite Adtuatann.” J Am Ceram Soc 78{4]
YUG-OR 19y

‘R Buchanan (Ed ). Ceramic Muterials for Eleciramcs. p 183 Marce! Dok
her. New York, 19Ke

"R E Newnham. “Tunable TrnwWuvern Nonhncar Phenomeny in Elecire-
ceramics.” NIST Spec Publ . BOS, 1982 11991 -




ACTUATOR- STUDIES




APPENDIX. 25.




M0y Suyhgng Musugag Tes - -
IS G 6t JO/0 XORE S RH

2661 Py — £ jg T LONEIS UNY C1SAS WLV CVIAING fo 7 06l

“IFRGIUISSR JOIMOF ur o 2durunojad JOISSIONS ayt ui uepod
UL 4T IPYY SHUIBIDD JANIUPOIND PUT 110010204 ju sansadaud a1 jo awos
Pm Medp saded siygg saomme NpAdEND Jo uoneIdusd mou oyl Ay pannb
-3 SwdwWAIEIdMP SGIdAPOILIS dYb AP I B Jseds © Rutsdsop voym
Fe) BulBuafiryd € sey 1000Fud srnaew v sy dwn 3uide wo pue “ainyesad
-Wdl 2yl U "SIy (edueyadi pue o paydde jo Auanbay pue 5215 241 uo
2anpaxud vouwied’d oy vo Y rLAW Y W Judsad satndun oY) vo puadop
SIAIMOY {SIUADYS0D ANMNSANIID pUe N1RBOZIND) S0 3undnod
YL SIELIDIEW DALDINSOI)3 pue Miiddp0zad atdonostue KySy ur uana '3yd
WS S PRY 001D put utells pROApUL Ay uIamiaq diysuonreas M) Agjruisog
177} 0203 sanansoudew) pay stoudew 10 (199y2 Lrowaw adeys) asm
-e1dwd AQ pajoauod e eyl S10eNOE jo 3344 Jamau ) O) SE Jjam se ‘Spoyiatu
udeWOINND [BUOHUSALLD MY 0} Jousxdns Jg Sioemoe amnxppozad pue aan
-JL1503133]2 spewr uohezumItIY Jo Kupiqissod Sy pue s330) daneiauad ySiy
Appanetas “siuawsnnbas samod mo (s O~ 1) spoads yBiy ynm sayadoy sy et
100 se pood se 3g Aews Lesndov paisadxa a1 ‘auwsn suses 3y 1y RIRITTERT T 314
W O] O SARISULI "W | J0 S3IPI0 Y UO SUOISLIUNP Yitm sduses soy Youm
(/A 01 ~ ) SPIRY Iqezifeas 10§ (0} ~,.0} JO 4IPIO Y UC LT SUIEAS IGEAYIY
“PANORULD APSES 3G UEd YoIym 1)9Wwesed FUINXD Be *paY MDD ue Aq paonp
-ut utens a1 azi(nn Aay [ s10lEMOR 10 SIINpsued) Juawde(dsp waIs1ad AH
10) I EINITY B 3B S{RLATW FALLIIMLISONLIIINE ANV DIELITI0

NOLLDNAOY NI

"PASSNOSIP AYINSQ AU SOHNULIII IAUNIISOII[F pUd 2131202014 Aopdd 1y swd)
-sAs so1Rn1OE praanss ‘Kjjeuty sanuadad MM11I3420221d SE oM SE S1D2PD FAIDIISOIIR2 AN
-OEINE A12A YUm SELIaew ja Kjue) snbun T 3 0) uavw)s ase Jreqoiu winisaudew pesy se
Yons $315133130153) JOXTIDY “{IRIIP A0S W1 PISSNISIP 4T "SIIWEIID AeuTN NeuOIN L peI]
ANeEoadsd “$o1umeIad 315133j;90113) U1 1339 I3[0z Y OF SLHINGUILLD SHOLIE "SI0
"EMIE Ul suolEN|ddR S0 1URAR(as JuE teyi satuddoId 250N wo siseydwss ue gum pomatads
R SIMURID MAIF[I01135 UL SIZIYS MLV pue Np0zad MY I IOIVHISEY

CURYE ¥d O Anisadaugy
Ansaantuny 1§ puvajssuusg ayy
Leenviogory yuvassy sppiaonpy

WYHNMAN “J "y GNY JIAONYIWYQ ‘Q

suonesnddy ojenjoy Joj sjerraey
IIJIII0Z3LJ PUEB IAILIISOI}IINT




) Jo - =X

lel
258 suonenbd JANNIISULY JO K135 22y 40410 241 *(7) puc (]) suonenbyy o) uvinppe
] suoncebd 23[R0 JAUNIISULD PI|IEI-0S 3YI JALIP ) fenuaiod dnwcuip
-owsay oreudosdde a1 ur sajqeuea 18pUdIPUL S JO 198 B 35004 Ajieanqae
) au() ‘Yoeusdds diweudpounsays syl Buisn pacapasjul Aj1peds 3q ued [ELIARW
e jo uapwesed NNIIP pue dned A LM Juidnod HaH0zand gy
X1IIRW
asodsuear 2yl SOHOUIP £ ARYM C(P) = TR DM UED JUO ULIO) XujeWw
uj "judjRatnba B SID3HD IKIIMUOD PUE 1P AY) JOJ SIOSUIN DLIPOZAD )
J0 $uuudwod Y] 1YL UMOYS 3q UED 1] “19343 311139130231d 1DAIP Y SE umouy
st duydnod [EdtueyAWONRE Suipuods3ii0d dY) pue 1LY dieyd i
-22j20£31d 341 PAY(ED MOU 1 JUIIDNY0D P Ay ) 'ssons Jo vonedndde uodn daejans
s jeudiew ay) uo padosadp 3Rseyd ayy sA1e[R3 UL dUERRoZAd Y “IsEd S
up Yy Y'p = (7 $3WdDQ (7) uoyenby pUE ‘0437 SI [BLIABW IY) SSOIDE PI2Y dL)
-2213 JEI0) dy1 “PINADIID-LIOYS St IBYI JELISIBW JL)33]20231d € 0) parjdde s (ssans)
P19y d1sep3 ve §] "paidIj8au are SWUI) 19pI0 1341y Y *310§3q SV $SANS JUBISUOD
1© pasnsedws 1osudl Kannwaad d>uRIP 3y Jo swauodinod A 24 {2 3Ym

g suud) 1p1o 1ydiy + I + YxMp = 'qQ

‘uoneal a3y Aqg uaaid aie
‘(7 2003 wdwddEdsIp 211)323131p Y j0 siuduodwoo ay pijos djqezueiod ‘snoduy
-oduwoy “mdustosiue ‘eaul] B 10} KIPANBUIANY 13349 213139120231d ISIOAL0D
341 SE UMOUY $1 1D Y1 PUB JUAILYIOI LIRS D1133[20Za1d Y PI[ED SI p uoSEU
syl Jog [eudiew oy o) patdde piay 21115219 Yy Jo 3duanbosuod e st (eiITW
€ U1 PadoIAdp UIBIS JTHUBYIIW Y $IBIA SNY) U Jind3ozad ayy gV
= Y o) s3dnpas (]) uonenbg pue 0427 st X ssans (w01 Sy “adeys su 23ueyd
01 321) s1 )Ry} [euABW dLOIPOZId & ;i payydde s1 pjay 21113313 duEs & J| QI3
-1j8au 3q 0) pasapisuod e (1) uonenbsy ul suu sepao soydiy syl jfe “uonewixaid
-dr 153y 941 ug -Buidnod [BIIUEYOAWOIIIND JBAUY Y JuYP JOSUN diAdI0zaId
ayr jo *p siwsuodwod YL PIBY 11113 IWBISUGD 18 PANSTIW JOsu) aduel|d
-Wo3 ANISe(2 Ay Jo SHIWAUdWOod Y 18 NI Y5 oy Kjdansadsal “Jurdaa
PI2Y 313133}3 oY) puE JUSU) SSAs Y JO suauodwod Y AJe *F pue 'y Jsdym

)] SuLd) J3p1o Jaydiy + TP 4 Ys = 'y
{91} uonejas Buimo(jo) oy Aq uaa13 ase “'x JOUY uLRIS DUSE[D
Y1 jo sauodwod Ay *s19ay? ppey ondudew 1 unadjdau pue suonipuod jew

-334iu%) sapun ‘pijos snouldowoy ‘ddonosiue ue 104 eudwoudyd duseps pue
202131p waamizq duiidnod (Jeaurp) JOPIL ISIY ) $3QIISIP A1V

P DAIII0TAIY

SNOLLVTIY TVLNINVANNA

Jed suonpddy suongy 10f SIPUMIDKY NI KRG PUD 2ANS0EII G

N{} pupjandry

Mifud)) YDISIY SIDIIVK VOIlig D]
UBlYEZ JIQTN

Y31 V) ‘ouspoing

Adon10qu] uoisinduad 12f
EpEM N U

XN oampyaog duipory

Jurposy fo Astssaau)
WUIBUIA A4 uelng

¥SN ¥D yovog uoiumy

svi¥noq euuoIp
PPN 2UF

uexfof ‘a(yop

Adojouyrdy fo dimusuy okyof
syseyeye] ysodey

wodof “opsQ

ds0y ampisuy yuvdssy Suulriuidug uoy

13exe] uouysol

VSN L) ‘Paofupy o3

41D YUDISIY SNBojouydd] parruf}
UBSBAIULIS A Y

wodof ‘omvSoury

IIUNIS [OIMDUCLISY

pup 20pds fo ampysup ayy
einipy 0A40)

DpDUD) '0DIU() ‘MINSEUNO(]

Voo fo Kjsaaam)
>UNSEIW W puowshey

VS NI snodpauuipg
1o Juisigy Jo ANs123847)
sowef  pieyory
nyy Xungrdny
angrany
e, W R e T R
uutwyoH "H-N
¥y/) 4Q uoiBuia]iy
0 P sdsnuaN I ucg np | q
ueyxy30a0) [ICYIN
v s
g Jor Apiradatuf)
Iy 2Qq vjrueqg
VS/) VI e¥priquin)
sdopouy )y
Jo annnug siussny sy
Kaymea) pg
VSN 1N T2 rudpaaag
Nbaanug) uwug
sodooy "N w0
¥S1 ‘¥4 C&ngsyromg
AlsaMmiugy 4DIS
P Amnnup g aog Phniig
sne|) preyory
undof oyop
Adugougry fo aminvuy oAyl
emeziy Onseiy

aiavod AHOSIAAY 1VIIOLIdY

vsn
8£20'190vT VA "Jingsyoeg

Asa2a1u) ARG pue ANHISUE JWGIANA g BIuidaa

BuusauiBug jrowurydopy jo wawnedag

10080y v di)
AAIHI-NI-HOLIad




32118 PUB WAWRR[ASIP D1A133[3 UIIMISQ pue (And21103)202a1d 3533AU0) PIIY
I PUE BICHS UIIMINQ sdiysuutieas s And143(202a1d vo UoILdIS Y U|

PP IANNNS0I3I]

“SDILIRIAD
pood 30) | JJGEL U UIAIB e P udIdYDd Jsupdsppozaid oyl pue 2 Auan
awaad 21413331p Y1 °5 2ouTHdWLd JNISEI A J0) SIUEW S|[EHANEW IR
.c.Ba oy jo dnaud wensodun 1sow dyi pue isadse) oy ey Aq e $2t09)p0znd
»na9uiad) dujimshindjod ayg 13y S110a0za1d ) HGIYED SIWEIDI D
-30}20143) PaIOd “330§312Y ] WU dnoi3 yuiod oy se $I05UI) 211133190231 pue I
313 "313139121P Y1 JO SWAUOdWIOD 012U s Y sey KNDWWAS SIY ] “weo An
-awwks [E31U0I $53550d S[BLIEW 311199}30119) Jutjjershidkiod pojod Jo pazurejag
‘vonezuejod 21dossasdews 017Uy € o) ulped| ‘uteld YIed Ipisul sutewop ) Jo
Kuews uiglim T 301534 uonezireiod oY) JO SUOLIALIP Y 381U Apusuewsad ued
P19y 21012912 BUaUIS € 'JIAIMOY *S[BLIAICW DL1III[AIR) U] 0492 V) (enba e suresd
Jo UOHNYLISIP WOpUEs Yiim sjeudlew uiijeisKixjod jo satuadwd Josux yues
-ppo jie put Anauswds jo sajud e sey dnosd wiod siyy {ei] Anawwis jeasayds
sey yoiym wow dnosd uiod 3un) 3y 03 duojaq sulrad jo uOLTIUBLIO WOp
-ues & im SEEUIRW duljieiskidklod sy ANowIda[a0zatd moys $OWERIID sse(d
jejod pue sjeudlew 11231003 Ajuo s[eIANEW suijeisunkjod ay Suowy

‘PIRY U J|QEZI[E B AQ PIAINYIE 3q UED SAIES UM Fuiydums
jeys papiacsd ‘21133}90119) OS|E SI [RLAIRW AP PIIULO 3q A uonezisejod
snoauejuods 341 Jo 501224 Y Ydym Buoje uondaup wnliqiyinba U0 uey 310w
o 21341 §] 13912 2199jwAd B nqIYxa pue g uonezielod [ea1nd3pe snosunuods
wansad sdaard wod asayy 01 Juopdg ey sfeiska) Cwiudg pue ‘g tuiup p wig
o g ) ase asayy sejod aae g sdnoad auod auappozaid (7 dY) JO

Ajciuawinadxd payiias aq 0 sey ANdinddpaozaid djqranseaw siyyxe sdnosd
wiod H0p0rd ay) jo U0 0f 33U0jRq IRYE RIIDIBW B IDYIDYA (1O3P2 D1
-3apozand g wgYX? O} {RLIFTRW 8 10) SUOTHPUOD K1BS5322u Kjuo $3A18 10a2mO0Y
odiduud suuewnan ansapozatd Ajjenusiod ase sdnosd yuod g7 Butuicwas
oy “«udz vt enba AR (IOSUF JUEI-PPO J[T PUR) JOSU Iz 3Yi Jo Sludu
-odwod oY) jje Zep dnosd jurod Ui pue sdnwad jutod 2109WWASONUID UIADJ Y3 ul
sy} ANDIWWAS §)1 O ISNEDIQ [ELNITW B Ul Wasqe 3q Avw saruadosd (easdyd
uiEnad jey s1 5)diund suuewnay jo aduanbasuod weuodus sow Ay {61} saxe
AnowwAs opuywl ayi winuod Yarym sdnosd anod aunD) Ay osfe ing sdnaud yuiod
swydesdoljriskia z¢ aqi Kjuo 10U 3pnjaur 01 papuAxa aq ued djdiound 3y L (9t
€15£13 2y Jo dneuB jutod 2yl Jo HUAWIR AnAULAS 243 IPNIIUL 1SN [EISASD € JO
Apadoud eaishyd e jo siuawape K1dwwids ay eyl saIms 3jdiduid suuBWNIN
*91) sJ0su3) uiens pue SSAUIS Y3
Jo swauodwod g Jo siduasgns g3 ur apew s1 uoNdNpas Supuodsalied € M

Qv Fep = X
:JN.V l.kl:\u E .Q

BU0J X¥1ew FrImojj) at t udum 9q ABW §IDYI
3130130201 HIIAUOD PUL 1204IP Y CIDUIY GG Y = W udym “py| = P pue

i 6l suoltr ipddy 3D suf SIPUDRY VLI G PUD DANDLANULIIEY

€T = Wusym ='p = “pseuajam e *'p (gt} voniou xiew v £Randxds
219Gy = woylim padeidassy jT A0 Zf PUE ff 0y s gz = ey 2 f
J1 ApPaudadsas ‘ggao gz = ffpuey = (o) = e oxoput Ofduns € yiim
paceidas 1y 331Ut Jo sied Iy WO XL UF NIEIAIPIOD JNUDL DY) 11IAU0D
0] "SI0 dudaRuzad uapuadapul gi K(uo saaraf syl ¥ pue [ saoipur
Ut [eo13uuAs Osie 1 (i puER § ‘2 SE {[3M SB) Y 51udiai 300 2inadf30sad g jo
J08UDI UES PIIYE OY) SI0SUI) BITIIS PUB SIS DY Jo K110tUAS DYl Jo >ACIdY

sSpuALRAIY AW

‘1<) 21q184y8au Kjensn s1 sudOYIA0Y dneyrIpe pue
JRWLBYIOST ) UDIMIIQ IFUIYIP 31 (AId00d) pue I dd) s[runew
aejod 3y} Jo4 Enb2 U8 SIUIIDYS0I INEGEIPE PUE [LILLIDYIISE DY S [PLIdW sepod
~UOU 304 'SUOLIPUOD DIIEQRIPE 10 {BULIRHOS 40§ PIALIIP 3 Sewt suonenbd saung
-1ISUO0D Y1 "IOWIIYLINA “SUONIPUOD KIEPUNOQ MEIOD[I PUE MINCP Yl ue spuddap
woqoud Jepnsiued ayi ut pasn aq 0) St (G- 1) SuauENt] JO UM Ju Mo 3y )

(P9) Vo= = ngvha = vy
(>9) VeSS = ygvp = ¥
(99) iy = Yo = e
(v9) AL E TS

KT YUTT RS NSRS TR TR TTRTR RIS TRETE VAT
oy ayl udomiaq sdigsuoney (3 = ,f pur , (.2} = [/ SE PIUYIP e
s105u2) Apanpunddun 21321 3y JO ST K[aa 1123081 *8sDI1S WFISUOD pue
UIEAS WURMSUOD J8 SUNANNULIAWIE DLIDADIP Y Jut , ff PUE . g uils WUrIsuod 18
Auanpwisad du102121p oy} §1,2 "BONIIS W3NhISYAs € UL PISSRISIP K JHim SIuN)
-1J4302 JO 52341 01 i UIIMISG FFUAP Y wauITINP 2D WEULD
I8 22uBdwWod d0sEP Y1 St o5 (@ Wwawdedsip eIUOY 10 Y PIOY IUFNUOD Je
PRUINSEDW SI 1 1341ym $0udP 1SN DY) PUT “3OSUII SSIUFIS MR ALt S
SWDY02 dUI32d0ztd (3B 30) ssans puE (uirdls J0) Admpoa (a3aEyd J0)
52018 Y1 ST umouy Kjaudadsau e i pue 8 *2 ssosud) dojaad 3y) Anond
-wis 3oy paddoap aie sjuauodwiod feriosua) 2yl so) Sootput 2yl suonenba sy U]

(q9) a8 + X8~ =3

(e5) d.¥ + Xg8 =2

(@ay) a.d + - =3

(ep) Qi - ¥,0 = X

(4y) g3+ =g

WVHNMIN 1 Y ONv IAONYINYG G 6!




e —

sanninsuod ag uo puadap (1) pue (1) suonenbg siusuodwiod pjay 7113313 3yl
PUE S33518 XIS JIA0 GOlRWWRY € Ajesauad saajoaui (j1) uonenb3 wl uLd) yoez

i :.Aw\unbv\l\w =¥

‘uotssasdxo Sutmoljof 3y Jo
njea 2njoSGE ) AQ UIA13 st y 30108y Fundnod [BIIUEYIIWONI Wi ‘uonuyIp
sy o1 uipsoddy ) £313u2 EUAU ) 03 UCNNGLIWOD PI|dnod 10 [EIINW YY)
st 7} pue 21IYIP $1 7] *KB3du3 |EUIAIUL 34 O) VOINQLILOD JNISE] ) N 3ym

il

awm nm+Tat+n
n

A\m:w.u + le‘ﬁw.m + .w;.‘lk + n*tlhlkvﬂ\—
somid {]) uonenby ynm YR30 yaym

an ('3'g + X" =n

:Aq uaa18 s1 ABiaua [eusnuy
2y) washs Jeaul] B 104 ° ANsuop A810Uud-J[9s DLIIIIP PUE JNISEII I JO UBIW DI
Jawsoad aip o Ansuap £313u3 S1109[IP puE ~iISE]I [ENINW 3y} JO olies ), SE 40)
-3e) Bujdnod 211139120201d 3y suyap I “Je 13 unoduIIag pauyap Ajenbiun Jou
w30y Juldnod e *pajies uayo Jsous St i SE 10 1AW Jo ndy € Yans Kpedd
$2210) |RUIINND JO JUIPUIdIPUL 3G PIROYS W) JWES AN 18 PUE SIUIIYIOI I
-32120231d PUER AP ‘ONSEIY S) IPNIOUI ISNW [BIIdNEU D11199[30221d B JO JLIow
jo andy e 01y ] "usswered SLIGIAP PU dNSE]D i uo os[e Inq satuadosd
a0z s uo Ao jou spuadap [eLIAEW J1LI9R02aid € JO Isuodsas d
-3[OIP J0 JNSEL Y 18 MOYS {g-1) suonenbg 2131291202314 ANMNSUOD YL

ss0)a8] Supdno)) jEojuEyIRLIIH

“posn aq 0} A0 suoNE(s dLNY0ZAd MU vonesudwod
335eyd yons Jo 23UIsqe Ay Uf “uonezisejod [BUWIU JY jo uonesuadwod adieyd
300)308 TUIAIXD UB SU 2IAY) Ji PAUYIP 3q JINIs UBD JOSUI IUR0zald anbiun
v €1 21] wonezisejod snoauruods 0JZUOL Yiim S[BIINEW Ul UMOP SYEQ K{[Ed!
-WRUAPOULIY) POALIIP SE SHUNIYS0D 21I132190Z31d 3519AU0D pue JPANP i) LIIM)
-aq ssudjeatnba ayy Kpepung [¢7) premsopiydients sdemfe Jou S S{ELAEW IR
-39[20433) UL SJUADYIOD JANDLIISOAIDII YY) JO SINEA PIUIWINRP A|reuawnadxa
Y Jo vonessdiaut sy) voseas sup 104 "unssud Uo Wapuadap st LM UL YIIYM
‘uonezueiod snosutiuods 3y uo ANAIMIWIAD dUIIIP AR Jo FouIpuadap Y
44 pasnes wiay Jundnos [euonippe ue s) Aoy uoneziejod snoauguods 0J9Z-uol
Yum S[ELIIEW U1 "1A2MOH “Iuajeanba Kjjednueuipowsay e S109)2 ISIAUCD
PUE 121D 3Y] 133D IANDLISANIID ISIAUOD € 0) SPE3| uvnEzIIBjod PUB 82U
U013 Jutjdned JOpI0 PUOIIS Y1 “IIIYO JANIIIISOIIIID 1501P Y 01 UOIIPPE U]

sl AuoUD ipddy JnonEy 0 SpOLIRTY AL I (R IALLIIINUIDIY

(o) YT = R 4O+ e =Y
L RYTTBIRTITE 3]
AN JO 1S PIsh A{UOWILOD SHYIOUE SUIBIGO UL " I3 uonezsejod
ay) Jo NuNOdWOD Y} JO suuI) W passaudxa st (g) vonenby w wiess 2y |
PIdY
5u19)3 patjdde Y3 UO UIENS A JO I2uapuadap (dhiespenb 10 JIRIO PULIN} SENIY
-UQU 3Y) SIGLIISIP 1I3PF FANIISANIVGR AP "BUIY “snoydiowe e ey Ty
U3 ‘s[elIdlew |[e Ul Juasaid 108y uf st pus ANAWAS Ag PINU] JOU ST 103 Al
-3UIS0UI9]3 ) *JOSUI) YURS UMD ur Aq paqridIp Sudg s|etsdewy MNAHUWASON
-uasuou w Ajuo 3jqissod s 139pa S1159130731d ) sneddq aiqeaedas ase s139h2
om} 3 “3aa3m0y *aididunid uj “100P9 211533023 1BIUI| Y VI UGNRQLIILGS JUIP
-uadap piay-dLIPI[2 ue sk PIYISSELD A A0 URD 1333 IMUIBONOA I Y]

73] -NA.N::: + \:ﬁv = ..N.m\:-: + ..m:.ﬁ = ¥

:191] 01 s2onpaa () uonenb]y "swA 5P 12ydy Yy
Sunoi8au pue (0 = X) SIS 04z € Jog (] IQEL 335) durI|dWed Mise|d IY) ju
JEY SB SIUSLLI]I OIIZUOU IWES Y} Sty XLIEW JuIpuodsaliod d PUE NUIADY0D
SANDLNSANIIID Y] IIT Jy JOSUI JURI YLINOJ M JO 'Yy SIUALOdWID Y| 133
SATISLISOIISD]3 Sy PA|[ED S| ULIF PII St PUB 153D JL1I|023id RI3AULI AY) 81
WJ3} PUOIIS DY) 'me| $H00H $IQUIDSIP (8) uonienby ur e 183y Y "0j3q SV

(8) suwdt Jopeo ydiy + 'FVF + FVP + XIS = Ty

WENS (B0l MY
10§ uoissaudxa 3uimofjo) Y AIM Az U0 PIOS Jeurjuol B 10) SNy L “[9]] wnod
-3B 0JuI uIREl 3q ISNW suOHdUNY dweudpoussay Suipuodsalsvd i jo vsuedxd
31 Ui WS} JIPI0 Y S1y *ISIMIANQ “JlEWS S| PIAY 1310313 40 $saNs patjdde g 1
£uo prjea si uondwinsse SIYL ‘5SS UO JUSWIdRIdSIP SIS PUE PIIY IR
uo utenis jo 3sudpuadap seaut] e Juiwunsse padojanap ase (K111I3|2023td PUIP)

—«.n&..m-N = Mg

«; 0 0 [ [} 0 nab nnu p
0 W g 0 o P 0 o o
3 P 0 0 1] 1) $ip 0 0 0 O
P & 0 (1] 0o "= 0 ] 0 o o
0 [V} sip [+ had 0 0 [+] o
meweyos 0 % ¢ o o "5 0 o ¢
ttp 0 o 0 0 0 tig 6y g
-nb 0 0 0 0 0 Gig g g
wp 0 0 0 0 0 Oig tig g

$IWRISD pojod 10} p juRIBOd dUIeIe0TIN
Pus 2 Ayamyjused o1330191P ‘s @uURdUIOD J15818 8y} JO SSOUIN | BIqEL

WYHNMIN ‘3 Y ONY DIAONVINYG vol




PUE "321S *IINIINAS Y} PUE SUTRWOP Y} JO UONEIUANIO 24 Jo 2uBIP 3y Ajuo Jou
IPA[OUL ISALW IUTRIID 313193(20119) pajud e Jo Auadoad Josud) e jo sivduodwod
xepnaes o) pasn npadosd Buidesase Ay |EIsAEd J3uS Y1 10§ FSOY) UEYS WU
Jip shempe ose sonjea A13adosd Buninsds ayi pue sutewIop 341 JO $10303A utjod
oy sudije Ajued Kuo K31013133130231d 2onput 01 pasinbas ssasod Burjod ayy
{11} swiewop pue suiesd jenpialp
ut ay1 Ay pauasasdas sanjea jaskad 3j3urs uipuodsauiod oy jo sodesdae e e
et Juesdy e Jo saradoad 205131 3Y) e SOY L CIUAULOIIALD JBIPAWIWL Y} O)
sdnys sy Buusnipe ujesd yoed uryim swio) 3IMdNLS wewop xdwod e ‘A813ud
NP MOl 2 dziununw 01 33p10 uf suiesd wadelpe uodn sassans s8se| saonp
-up wiesd yoed jo 23ueyd adeys ayj “soxe yydesSoprskad 3y jo uonTUAIL Ay
Aq pawiwsnap sadeys sidonosice swnsse 03 pud sulesd [Bapialpy) Y *soHWEIID
up amesadwdl AN St YEN0SYl PILOOD §1 [RIBW JIIII0LIF} Yl S8 W)
AHEWOop d13221300134 -oseyd ased ay) jo Anawwids 3y AQ paedIp suonssp
ay Buoje PALBLIO 218 YIIYM SUTRWIOP JO SISISUCO UleS3 YOBY "ULIO) JIWEISD 1O
suigershsakjod w pasn {[ensn are s[eldew d1I10|2041Y) 13m0y ‘axnded ug
s jo aunesadwa) oyl e yonezurejod snoaugiuods oyl
J0 20{BA JY1 PUB SIUAIYI0I IAIRIAIS0N0IR Buipuodsasidd ay) 3uimouy ‘'Ot ey
jeiskad aduts *ajdwiexa 10§ JO SWIIYR0D J1LAID3}30231d YL JO SAN[RA 3Y) JO 138
aoydwos g impaid oy ayqtssod st 3 “uays odiounad up “[g] Kioay) jeadojoudwou
yd aweukpowsayr Suisn seyd nodjeesed Ayl JO UOHIANSONRF Ayl JO
5w Ul PouInidxd 3G URD SIBLIARW NID3|2021) 150w U £31D11399}20731d d1sulIM
a1 JO uidiso Y| PAUIPISUOD AE S|ELIIICW I1IDIB044I) UIYm popudyasdwnd aq
ur) sansadord ouse? pue 2192 Y1 usamaq Suipdnod ayi Jo Axa|dwod ay

SNIYIWOQ DNHLITTIONYES -STILNTdO¥d DINVYETD SA TVISAHD TIONIS
1237 21III0Z2L Y} O) SUORNGLIUL))

"ouo ajdusts € jou s)
Ananaagac end 0 ANQLHUGD SwsIuEYdIW Jeym o uonsanb ays 01 omsue ue “uny
Ajaeaq ) sorumidd sse)d sejod pue sapsodwos uresadsdwbjod se yons sjeudiew
prgiy un osje nq ‘sonuesad pue sferskad 2j3urs *s[ersdew dswedio Luew us punoj
SO unieu Ul PA3AIUNOdUR Udo st Aududoppozard tey) uoyl Buisiuding jou st
11 'sdoid gusod duagRozAd 7 Y1 Jo duo o) s8uojaq (TR YL KBy ST DAY
M123120231d a) NQIYX2 O} {BLIGIEW JANIINPUOIUOU E JOJ Wawsinbas Ajuo syl

STVIIALVIN JINVETD JALLDIYLSOYLIFTd ANV DILOITA0ZHId

"9,06 se ydiy se aq Aew sasueijdwod ousejd wnaa-uxdo
PUB -LIOYS JY]1 UIIMIIG JO JURISUDD DIIDIIIP 2) pue padwe]d uIImMIaq DU
-J3HIP 341 L0 01 350D ¥ 40158 Jundnod |EDINEHIALONIAD Yum |74 SE yOns S|el
-dlew 104 '510308) Susidnod [EIINRYIIWGIDYS Y1 YBnOIY) 13YI0 YOBD OF paIL|dL
SY) QIR (UOIHPUOD HN212-UIdO) (F 1uAWAdEdSIP D141D3]D JUBISUOD PUE (UOHIPUOD
NN2A1-poYs) F PIRY J1NII[I JUTISUCD JB SIABM DUSE[D JO AND0JaA Iyl ‘suotlp
- Aepunog 21110312 uo Spuadap jeudleW Sd3p0zad € Ul Kususp st O a1aym
rn(¥0) = 4 °'SoARM DUSNODE JO KND0PA Y B SMOJI0) 3] PILIEIQO S @ UdW

O} suonpddy 20y saf SEREBR NaDIIOING PUD IANILAISILINT

-2aejdsip (0432) WEISU0d 18 [(,7,8)/,P = 1],§ = oF duRdwod DHSELD A1 puk

(81) XIGSP = 18 = 2XeP — X,8 =2
SIWODIG ¥ WIBNS Y] L NP~ = F 4um () vonenbg w
F PI3Y 21233 3y) duideidoy 7,7~ = XP PuB "0132 51 (T) uonenby uil ¢ wow

-aeidsip 213103(21p Ay ‘SUOHIPUOD 1RID-uado Jopun ApepUilS  WEINHOY DU
-59121p padwie]d oY1 paed st (L 3,5/, P ~ 1 ? = .2 Aianiusad 2020p oy

«n FG2P - 1L =3 + N3P~ = d

PAUITIQO S1 (7 UMM DNDEAP dY)
10§ u0Iss1dxd UIMO|I0) YL *, SIFP— = X Yum () uotienbiy vl X s8aais dyl auw
-oejday "gp~ = ,5X soaid (1) uonenbg pue (IdZ st 2 UIENS JYI [TLIIBW DUIID
-ozaid padwe)d € 0) pardde s 7 pay dLdd ms € 1 sy (y]) uenenby jo
juopuadapur suone|as 311)03(90za1d Auew ui sseadde pue (RidIEW DL €
10 dNSUPEIBYD [Bludwepsny B St s10108) Suijdnod 3y (1B ul punuy stryl SIUTE
-U0D D11I3[AIP Puk “INSE[ *211133]20231d Y BUIAOALL (38), P = (Y J0IIT) L
‘posn Ajapim K134 81 U000
-utjaag AQ pauyop se ssoidey Sundnod jediueyRwoNR Jo 1dadcuLd 241 "Ry
a1 353y udsagy (jeisatews Ay Jo sAadold JsuLIUL 3QLIDSIP 10U 0P UL pue
so{qelIRA [RUIIXD U0 Juapuadap ase sHuIdYa0d Bwjdnod oy TINUDH uvlienits
S1EIs € U1 uaAd [93ued semie Jou 0p (¢]) uolienb3 ut 301BUILIVUIP puE JojRINWNU
3y ut suauodiuod ssans syl pue *paied1dwiod 20w A[{ENSN 1 SISSALIS PUE SIS
JO UOBNQINSIP Y1 “$ISED [RUOISUIWNP-333Y) 10 -om) 30} “dsoundyung 107)
suoneuea eneds moys YoIgm Uiens pue ssans uo uapuadap stosoiany 3uidned
ay *Aouanbaiy Jueuosal € Jesu dWEXI 10) "INED JIWEUAP € U] W JUES 2y
ul Ajuo [njSutueaw *13samoy ‘e 10108l Sutjdnud *(y}) uonenby A4 pouyap sy
sdnosd Juod
213133pp0za1d |jB 10) pue $I|qeisea .coﬁ:&uv:_ JO 138 310 Lur JO PRy N340
pue ssasps Jo suonesnfyuod o410 J0j pAIAIGO 34 ued siodey duipdnod “Apsepung

9 nll38Gp =ty
s1 s015e) Suijdnod ay y8ua) sut Buoje PIoY LD Yitm Ing MWEIDY € S04
sn el 3SEp = 'y
51 4010e) Suipdnod 3uipuodsaszod g pur
(r1) I+ "PXT + 35U =N
$2W03q ({1) uosienby “YPFudp si i sepndtpudd
-33d pay 2119919 yiim (woo dnasd yiod) Jeq diuEsdd fPUCISUDUNP-JUG B 204
‘wapguid Jeppmued

ay) Jo suonipuod Kaepunoyg uo puddap Ay 371 tpasa sdigsuonepas Dspopxrnd

AVINMIN 3§ UNV IMINVIRYG 961




Ay pawwedwodsoe si Buijod ayy sumesadwd) pareass e Sujod Suunp awesad
o padnpasiul ase eyl sassans ydiy an jo uonexejas mops 3y 1 Juide sy
o BoungHILGD leodt Uy 'siiem wtewop ayi Jo Litjiqour ayi 01 parejas Kjasopd
11092 AL 1ayious 0 uonisodwod Juo wauj Apead sauea a8ap sn yInoyye
AIUEID NP0 (8 Ut 200 BwiBy saBuryd ummiadw) 10 $a2s0) (RU
-121%2 JO IJUISQE Y} U1 UIAD "SONURIID Jo Butjod Hp swo(0f *Buide s¥ umowy 'uau
-awoudyd SIS0 DLRPOTIH pue AP *INse]d NN Jo duspudd
<3P W) Y1 ST SHNWRIDD N[ Y1 jo saradoud xajdwod 1sous ayi Jo 3uQ
ONIOY

‘To'v)

4 andiyg) Py 132 10 saiErs uohiezuejod pue uras a|qissod Jo adues B 51 Y

1By JBLD S1 3 "PRY potjdde wawitxews iy JO SUOLNINY e uonEAUTiod pue LIRS

WEUWs Y1 ol “uonezisejod puk RS (Jenprisas) Weulas A 10) djqisuodsas

5% *335p uIELI) B 0} PAUSLO UIRWIL INQ *PIAOWAI S PISY DD A 1Aye

uonesndyuod wopues [eNIUY DY 61 WK 10U OP JBY) SUIBWOP 250 Y ‘(] N

-B14) vIRNS U P{RY JE1D[ UMIIG PUE PIY 111999 pue uotezuejod uadmiag

SAISUONEII NAUANSAY INSIIAIRIBYD M) O) PEI] PI2Y IS DV UE Japun S[BIII)
-BW JL1I3}3013) U1 Sj{em uIRLOP Jo uonenSyuod I Ul saBueyd idwod Sy

SISFNILSAH

"{0i°L} Kousnbayy s0 2amesaduia yum wesuod

andpozard syi jo ulls jo sBueyd e 0) pea) uaad Aew pue Y)Suans sjqriedwod

SHNNONOQLIY JNLIBIOI 18D
1A; 10; SO0 SISOIBISAY PiSY) DUIDNE~UONRILRIOT (Q) PUR DiSY XONe~uiBHS (8) *| esnBiy

o%1-
O~

Q-
)

90~

w/Am T - W/ANP®D 2O 20~ /A0S O 06~

OOy [o]s24 [ 002~  OOv-
L T T 000~
5 -1008-
H
a
L 40 <
<
?
2

L 4006

(s)
4 - 0001

6! SUOUDNAdY 20100y J0f SIMIdIDRY 314802130201g PUD JAILISAIIIHT

JO S3UNPWOS 18 $OUURIID NINdALY Ul A1d18321v0zad 0) swsiueydaw Bu
-13d0 $NOLBA Y| "SIIWIEIID JO STUIIIYI0D NI1I3d0zad [ ) OF SUOHING)
-U0D MSULIIXD [BUCLIEXEIISUOU (B JO LUNS B S SN0 PUE "SUOHNGIIULD BONEXE]DS
(1€ JO WINS Y1 S3QUISIP  p a1 — Py "¢ sAauesed uotiriuao ue AQ paqiirsap
wesdd jo vonezuejod Jo 3218p Ay JO HOLDUNS B usje PUE (U 3) P TILAD
420> 5133(30z21d [E1sKad HBuls Msutsiur Yo uatduny B o [g (s PP 3oym

(61) RYOT + p3— pVI + Lo plp = p

‘w0 3uima|o) Yl U1 UM

3q Aew DIWEBISD SUI3[20139) B JO SEMSUOd MNPozad Ay dn Awwung
“[1] 101aByaq adA)-uonryeas se paz1sdICIEYD
uayo Huanbasy uo NILALIYIOD SULI0ZAd jo 33uspuadap pauemun pue ddse|
€ 01 ped| Aews SWSIUBYIAW SSOf YL jetsarew agy wi Sunesado 880 jedueytow
PUR DLAIIP AP UIMIAG Sundnod [EAUBYIRBOIIIIS UE Ju )NSII E SI NG (B
-3JeLL Ay Ul wWsiueydau sso wapudadapur ue wialj Aeutdiio Jou S0P K ey 1ed[3
S1 1t "pooisIapun A{1n) 134 10U S SOULEIZD NI Ut UONEXEA 1113340z ad
o y3noyly "uonedissip £313u9 JO 5233008 Jofews 3q O UMOUY JE YdIym JO
10q ‘[ewdjewt € jo s1uadosd dLDIAP puk disejd Y udamiaq uidnod & sua
-asdas A3a153130z91d ayt 2outs pAIaedxa aq preoys siyg -saunuenb Widwod se
PaquISaP 3q Aew Lo ‘-1 *3j8ur aseyd GIITUOU NQIYXD SINWEIID )1133[I0413) JO

SIUEISUOD J1H0130291d 2 1eYys 90UPIAD Buiseudu! UE UIq SBY 23y KUY
NOILVYXYI3Y DINID313I0Z31d

SIUBIID AUA07Ad {74 UO BONDIS Ay Ut udamd X [m
suolisoduwsod piey pue 1jos 0] pedf Ydym swsiurydW ay) jo s3jdwexs awog [¢[}
uoyczisejod JUeuwd JQEIS J40W E ING HWEISUGD 211133)2021d sama] W1 Sunjnsas
PANQIYUL 3J0W SI UOLIOW [{em UTRWIOP A SUOINSOdWIO) PITY AYY U] “SIITISLO3
2112120231d Y31y pue sjiem UIRWOP IQOW K[aaNTe]as AQ PIzLILEIRYD e SjE
-Laew os A[[Ea3123]302314 "suonisodwod 31139130221 _piey, pue _ijos, pa)jed
-0S 0) SPEI]| $I03§P U SUIBILIOP Y JO UOLDRINUI Y| "IWesdd HQ Jo Suuauns
s pue saruadosd uoisnyip A “A{IQOW J[Em UBWOP Iy UYL 0s[E S1233]
“JeuRW Jo J0iaryaq Burjod p pue A1ALINPUOD A1 uijjonucd Jo wie 3y yitm
poppe Ajasodind 3q Aew 10 ‘vonesedard Buunp A{BUap1adE 13YNI [e1I3icwW Y3 Ut
P33npul 3q Aetu 95352p 3y | AUMOIULS [TsK1d oy ui wasasd (139)9p wiod) $133j2p
zjod Yiim s1dRIBIUL SUIBWIOP AP AQ POLLIED Fy uonrzuEjod snosuguods N1

$19343a 10 310¥

171 wnod
-DB OUI UdXE) 3q ISNW pue IJGRIIPISUOD 3q Aews saiuaduad u:Uu_uSu.M_e pue >}
-SBJ2 "JLIB[P Y UO SHUWBUAP [[Bm UIBWOP U JO 15IYD Y| "UOIYSEY I|YIsIAd)
Ul JA0W {{im S[IEM UIBWOP A} “SSAUIS [EIIURBYIRU JU SP{IY IR Funieusdie
ATIM JIPUN PIUILEYD ST JWRID JLINN0291d ' jo Isuadsds AP uaym "0
~334UN "UMOUY 34 ishi SUIBWOP pur suteld o VO SUONIPuO> Asepunoq du)
~2421p pue d1ISE[I 3Y) 1Byl SUCIHU SIP ABUI302aid se yony saiuaduid pajdnod
Ju "SureLIOp pue sulesd Ay U0 SUOKIPUGS LrEpunoq Y1 osfe Ing “suresd ju adeys

WYKNMIN "3 Y ONV JIAONYINYG ‘G g6l




‘joauod K>uanbasj jo pay A W 174 AQ passeduns uadq 10u sey
imesadway pue awn Y sasadosd d1ap0z1d S jo AN jIQEIS WX AY)
Futmo ‘ymym zisend st uondoxa Ajuo ayg “suoliesndde Joienide pue Josuds
VINpPLURIL 0) {CLdIRW D11109130231d Joy10 Aue ueyl 210w pasn st Ajiwe) |74 4
o a pue Buijod Jo asea *uonesedasd ajdwis *SuANOY0d d11391202a1d YAy i
+ napoag Cjeustew dL1dv0zawd pasn pue paprIs APpIM 1sow 3y “Zuenb yum

HOJE ‘IW0IY JABY SHIWILIID PISEq ) Zd ‘SOS6I Y1 Ul AIIA0081p J13Yi oS
sjjem viewop Juwuid pue sajodip 12jop Buludijeas ‘saouedea usd
0 Ageau ol A0 Kpsed ued suad4xo uoy “uede Y 81 Kjuo “iayi0ue Suo
1 1u3aelpe 218 *puBY JYI0 Y1 uo ‘saps uaBAxQ NP K1aa uoisnpip Supew
V p~ ) 132 1un 211U ue G 9)1S UONED JSAIEU ) Wwouj paresedss aie pue suad
w0 &g papunonins A{912dwod AIe SUCHED) 'SIIDUBITA UOLED LB J3ISTY ISNyip
yosueses uddhxo Aym Jea)> 1 sqRW 3NN NYsacsad ay jo uoyeuwexT
‘ L moRq
uniesadudy e asnpIp sataueses UadAxo YoIym Yum ISEI Iy U1 sa1| uoneuedxa
(L "LZd Piey e ul K1SeD 20w JU31IU3s 0) Jqe e suol juedop paresdosse pue
adwedea uaddxe o dutsisued sajodig UNIdNNS ULRWICP JY) YITM IDUEPIOIDE U}
Ay v) ajyge ze sajodIp 199§9p Y IsNeIAq | 74 piey ul pauund e sjjem utewo(]

GOV ONIZT DON9d)

:3uidop
ndadoe &q paiesaudd ale satduedea uadhxQ “17d .piey,. 33npord 0y pakojdws si
1L 401} (34 30 (,,Qqd 10}) . N SB YONS suol udjea Jamo| Yitm Suidop 10idasoy

‘pauuid 10u are s{jem uiew
ap 341 3xnedg Pjodap KHSEs 1k SHWRIID | 74 YOS “19A9MOY 'AJ9SIIAPY “SILIND
0D 212002a1d PUE I11152J31P Y1 JO IZIS Y O) SANGLHUOI UOHOW [[Bm Uteus
o L2 JOS B Ul CL7Zd OS, pujied-os € '} 74 padop-10uoD 10§ 358D a1 St yong
Wl 8010 UOISRYIP 31oYm (124 10] D08 ~ ) amesadwial sun)) sy mojaq

wid ayel Kjuo ues wawudty s auddjaesed MQRd yYi U1 0392 st uonezuejod
nosuruods 3y a5ne3aq AjrInut 3@ yim paudije jou aze sajodip o ‘asmesadwd)
iy e pauiy ae s3todip 1oyap Ay duIS suot L gN uedop ynam paned soi
ueaa gd padieyd £jaanedau ) Wodj 3wod sajodip 153§9p Y “UBWOP E ulylim
wonezseiod snosuriuods 3y Yim sajodip 1595op Jo JudwuSi[e oY wolj ynsas
T PAAdNAY 81 duiuuig sjjem utewop 3uiuuid ui 2ARdIYD Jou st Buidop Jouog

‘OCaNZ* ML [V qd)

)NSA2 IS PeI| Y} UO SOt “IA ¢, 1] JOJ PANINSGNS S1 . GN
oym ‘qdwexd ue sy amdnns 174 Ay U1 sdiIduBdRA Q4 d1BALd Sua) 10uo(
UOHOW [[em UIRWOP U0 IIUINPYUT JIBYL JO ISNBIAQ I
mais 1359p pue siuedop uo Ajpaxsew puadap sspanulews ayy "N/OA 005 = P
WP QL - = P o0y = {p e sanjea [eddA) C[(q)7 anBiyg) Ksepunoq sidos
sydsow a1 seou 1538k oY) aue SIWAOY09 d1njeozad ays Aym sureidxa sig]
dues 2imesddwia) apim K194 e s9n0 suondanp Sujoed siqrssod U0y e A3y
amisodiued 3oy 104 -saseyd 311139}30419) feuoSendl pue [EIPSYOQUIOYS Iy
WMy Asepunog aidonoydaciu a seau atf 1saq ajod Yorym suotsodwod ay

N st pddy aenni W dO] NPOUMIRY LD PR D51y g,

s SRR e

Asspunog #seyd gasy
-OydIOWw 8y) J8BU SUONISOCWOD ynm SR POIOT J0; PUIRIQO BIR SIUeI ©23 NDeHe
-0z6/d 08487 (Q) SIRUEIOD SIBURYI—BIRUOINZ PO BYI 10 WEBIBEID esByd Aieung (8) "L 8snbiyg

0194 Couean m $0:708
(0] 2 os $2 o ¢
¥ T Cvw
- 022
L
- w2oes
[ w033
“v0 3
€011ag Cotite % 1on f0:240
oot 1 o5 62 0

YTy

10400 WD
241201004004

1000004 u)
082t B0 18y

2Ny
314104000¢ (@)

fryrieve i -tpnnd g il i ingd
*lit) :saimas viewop 3jqissod 18w 01 9515 Jwad suondaup {111} Auoje e vonez
-Jejod pue uoIVISIP 3yl A13H "SuOISOdLIOD YOU-WINIUOIIIZ S0 PAIOAR) ST RIS
DHA133]20313) [RIPAYOQWIOYS v “HEIS dd(esed ignd ) jo suatddap | 100l
pue 11001 ‘forol ‘loi0] "l001} *100i] 2w 01 Butpuodsanind ims ruadenar sy
w1 soxe Jejod juajeainbd xis e UYL "uondAp wes Yl ul uonrzuriod snosu
-euads a8se) e pue {j00) Suoje uoneduojs sjgeazs © Yum vonedpOw jeuodendy
£ 10AR} SUOHISOAWOD You-WNIUEN] “ANIONHS ANSA0IXD PILIGISIP B 0jul BOLEW
-Jojsuesy aseyd aatoejdstp e s2081apun aumdNAS 3y *Jutjood ugy 3IRNI MRS
-A013d 21AD 241 JO SIS |TIPIYEI0 Y JAA0 PANQUISIP KJWOPURS 1] PUE 7 Yiim
anesadws) Y3y e swuoy sonnjos pros Ajdwna vy (0)7 undg Ul umoys st
wshs {174 10 '0O0142)ad] aeuen) jeuoasz pedp oy jo wesdep aseyd oy

SHMWEN)) (LZd) 3rueli] rvodr7 peY]

o] eoew aawowy o *oand w
asqe £[3)dwod aq Aew pue samsndun ayy &g pojjonund A§ny 54 01 swda Sul
-8t *(NIWd) 2ieqoiu wnisaudew peaj se yons "SI0 Joxe(d uf [t} vu
-1BD JUDJRAOL € djqurins Yita souesdd oy Suidop &g pajusivnd ay Aew “saruesad
17d sjdwexa soj ur Juile ay) *sny ‘supewop uigim vonezuexd snoauejvods
Y yum Buideistut A uotiesnByuod UIBWIOP 3Y) SAIYMS ATW SUOLIPULD UIRSD)
Japun ydiym sajodip 15343p AQ POIEALD SPIRY Jeuadiul Ay Ay Pardape s1 Buidy

‘1] sassans ag jo awos Suiaanas ey winuyipnho mou © yoray
0) PU3 I BONRINZYUOD UIEWIOP 2 *MEIAUID) WL OF PHOOD N MLURISD
Y PUB PIAGWN SI PPN (PUIIND YUY PRy Butpsd dy) sapun suiewop
JO UOLRIUDLIOI JYE Ag PISNED 248 yIYm “sutesd i jo saduryy admgs ddasnniue

WYHNMAIN J Y UNY DIMINVIRY] 1174




. AN OUKIN IR 1058 B Busn 2i 00S I1® DRINEBLU ‘Dioy sSMq Xy
2946 30 10 ouUNy B 58 11 ONINIS 0 10 P PUB TP SIUNINB0D JUIONGOL6 “p BunBiy

[WI/AN) PIR 4 9919 31213947

ﬁ' e — T f g O
- <00t o
-
r - “
Y 1 2
- <oos T
v 1 .l/;
- ) “
- - v «1008 ~
| ety v ]
4
U | e | - y 0021

(L Aouanbayy wowansesw pue pjoy seiq IR 2 w0 wIpusdap e suoid
uo aejod ) yim pAeIdOSSE suotienidny uonezuejod ay | .:o:nc.:&m:n‘:
seyd asnyip e of 3su Suiald sutewopossew o) 353801 £|jenpead mcmquvEu.E
4 s duiaojaesed asnjesddusal-yBiy oy woaj SISeA1IP asnjesadwa) sy suoig
1 HIII2019) pue dind3pvied Jo smixiw [EdNSHEAS € Si jeLAeW ay .t:_.a
w0 2dues 3N B NQIYxd PRI NG aumesadwa) sun) borcuv.__os ® Jacy 10U
* Sl $3L39120113) J0XE[RY "SAMEIFWN UN) WALIPIP APPim daeY Yorym
HACW Y} GIGIM (SUIBIOPQINL) SUOIBIIOINW Jo uoLEWIO) J0) D[Qisuodsas
JIPIOSIP (EOMUIYD Sy ] CBMPIAS ANiYsacsad o0'a'd)v a2 jo sans m Y ut
'ONEY 'Y pUT 'g ) JO UONNGLISIP Sy} Ul Anauddowoyut jesnsuers a.,E vo:_n_m
3 1 S3UI2ANIY JoXTI2L JO ISudsII AP jensaun .m_f. ‘I§] Wesuod
11291 21p winwitxew oy Jo unjesadwd) AP Moaq YINw sasmesadwa) 1. uInd uon
cuejod adodsosdew jo 2oudsqe Yy pue (g ain8yg) Lusnbayy yum Apannuwisad
FI9131P 3ys Jo uorssadsip Suans e Aq pazissiorieyd are mu_.:uo_&tu.. bowu._ux

SOILIDTIIONNT4 HOXV' 1Y

_ SOHUEIIS 311193130Z1d up asoy) 03 azis ui djqriedod ase
'€ "5-01 JO 19p10 3y vo sk jELIEW Joxe}3 [edA) R Ul suress A1INS01103)3
41 "uonisues) aseyd asnyip sy seou samesadw: jo afues apim B 3200 [hSINEN
3B L] JO 2310 3Y) U0 SjuBISUCD 3P Inq *, D/, W, O ...o 13p30 3y} uo
cwis h_uZ.ﬂ_s e SANOIP0OLIYY Joxeju w SJUIIdLPIOD 0>=U_:mo.=uu_u JO sanjea
L "swesuod auagaip adsw) £jpwanxa yim .nu..boo.oe...u.. .55_8 a1 se yons
s pasapaosip Kjjenued Auew jo K1aaodsip P 01 P3| IaBY $21119)21p 30}
eded Anammuuad ydy jo wawdopdaap ay ‘Janamoy ‘saBak o7 :&.ue ..u.>0

*SOILIRII d1)
120221 uy jeyy ey sojews s s1 (,.0f ~ ) UIBIIS SANS0NIJ2 41 Ing (,01)
NBA 43y yoea Lew jumsuos JLNIIRUP uonisuen) aseyd supspaeied-3139)2
..e 24 JB20 sjeLRlew 213091201495 |ewIou U] .01 Ao si uens u_aa..s_zuu
- UYUA LOI = 7 Aes “ppoy jeadhr e 1oj pue 01 1004E $1 Jesuod JuIdp m._a:

Yo pddy sesmiry sof SIPAIMIY IIIIGJMT G IAD IN310I4Is0a), 2]

-IJEW S11)OI[0LIUOU IS0 U] “[[ewws K|IANEIA JB SIUIIYIOD ANIIISOII
3191 ySNOoY) UIAI ‘SUIRAIS IALILNSONIDIYI a8a'] NQIYYD SjurISU0d MNP iy
A3aa © yim s[eridiew ay) *F piay 211293 1aaid e Joj ‘sayy ddeds 231 ju Kian
-uuuad 2 pue [ELIAIEW Y JO IUEISUOD DHIIAP YL st & “wenezurjod PIINPUL
Yl SI K = 4 adym . 40) 0} jenbd St X VIBAS DALDIINOIIND Y 1EYE SNEND
-ut J2A3M0Y (Of) uonenby ",/ |, O} ~ O SPUIIIIVLIDY YRIIOU, IO Ul puE
7,1 O] JO 39PI0 Y} U0 $) S|ELIIBRA DIIIIII0IIUOU U} () SIUANRY)AD JANIISON
-33)3 paieja) vonezuejod sy Jo apnpudew Ay "SIV Auriy Ju) SE {[Im
SE S|B1IABW D1IIII}201I2JUOU [BUOHIUIAUOD JSOW X)j DNJJ PIIPUI SE 81y | SIDNASD
ul vonienojdxa Joj jjews vO) 3G O} PIAII[IQ UINJO 51 1IPD IAIMINMIII ]

S[BLIAEIN APIIBCIING

‘112] (v 2unB1g) wdAY € ~ Jo P2y seig e Ny 00r— ~

INOGE JO wnWIXew B Yim ‘poy seiq Japun sanjea ydy Kda sugiyxa ospe
SIMWRID LAI0-NIND60 U (*P) ua1d20d dUdajanzard asidasuts eyl moys
JINPWOS I 13581 B Yiim SIUMRLAINSEIL JUIIIY “WI/AY [ 0GR Jo POy seig e
19pun (174 uey Jadse] sawn aauy) noqe) N/O 00SH ~ JO Inea wnuxew € o}
SISEAIDUS PUE PIOY 0132 18 0332 st untesddwial Wwoos 1t {L41'0-NIWJ6'0) (1d 40
‘OLIGd) AeuEnl Peaj % ow-Of yum (NI 30 *OF “4N* I Nd | dieyons wins
-auBew peaj 10 “p Jo IN[eA Y3 °C NB14 WO WAL 2P0z dyY) dun)
0] POsN 9q UBD JLIIDII01I) JOXE[IE © Ul P[Y I[P PUE UIENS uIIMIdg Lisea
-utjuou 2y [(g) uouenbg] aaIna pjay du13}2-utens jo 3OS Y1 1 IWAIYRD
p aupappozd ay) [9'g] (¢ unBig) s13943 SALDLIISOND( 3T Lian pue suers
-u0d 21153§21p Y31y moys sje1sTW J0XEe(s *23ues 21n1eIddd) SIY UL DAIMOH
‘uonssueny aseyd asayIp pajjes-0s Y MoAq AqRISPIsULY sdanjesadwid) e UL
*pojod 2q 10UUED $311)92§90133) J0XE}a1 1By ABs 0} JuIoYINS st 11 asodand wasaud
A} 104 "UONOIS SIY) WY {IEIIP UI PISSNISIP e $I1HI[20533y adhi-aoxejas Yy

IR0 JEEIY Ul ANPIHIINP0ZAY PIINPU] PRI AT

SNUBISO
(129} 2426002000 PUR (1 *NWJ) SABNNSOLISNE Ui BuyanoD 18 IURYIeW; 283 "¢ esnbyg

’
.
1w3/AN] G315, D1MEI3NI
/,

124 o} 0 o] o2
v T M T v Y Y Y M
’ B
1a—er] wIIANL € 1Y
, § e00gi~ SCp
\\ [
4
]
2410-nne 60
¢
O
-0 iyuss

WYHNMAN ‘o Y UNY JIAONYINYT [ H)14




SINOW JMOSRIYN i WS BURuOSeY (D) ISuUimW JONUO U8 U
1Y) IS AQ PHOLUOD ) LIRS (D) 'PISY SEIG HINS PUR WISAS ¥OBGPIN B AG DeVIOS
40D 31 jUBWRIEIISIA (Q) 'PIeY NN AQ ADRHD DOYOINIOD §) WRAS (8) BUIAUD JO SODOW
wy 0} Buipr0208 SIOIBNIOE BAUNNSQINE PUB dUIdNeOZerd JO LONERISSELD) 9 eunlly

) ' @

3 O O 3 Y% ‘ 0
. 3 ﬁ N
2 -.M \\\\:- :: \ Al _A [
0 N ! L - ' ~.
e

~1 JOIBNIDE DY) JO UIRAS Y *ISED I3y AP uf (9 anBiy) [zZ'L1) shem 1sauayip w
PI3Y D1129§2 ue Aq P3[joAIN0d 3q e JIInpsurd) Juawadeidstp e jo utens sy

SIOJENIY JIIINIOTIJ PUB JANILIISOIIINT JO UOHEYISSEL)

~

“e1S21BW JOJEMIDE 3Y) J0J 1IW Jo Jundy pautep Apnyased spuewap
uoneayjdde yoes ‘sny ] "SIYIO 10} JWEAIJALI UIYO e ‘asuodsa igIul) B dUBIS
ui 10) ‘1ojende jo 3dA) Juo Jo duruI0ssd P 10y [enuass3 are jey) saruadotd
SJOIENIOE DAIDINS0SN/M0120231d Jo suonesijdde ays Jo awos SISy 7 SjqeL
4Ry Y1 U a3 0) 3NULLIOD [[IM $200nPsuR) JuRtRDRSIP ANEIS PIjOS 10§ SUOn
radde jo d3ues sy jeyy K@) SWads ) pue (ZZ] sI0ENIdE 2ANDLASOAII pue
Mavpozad Loidwd jeyy $3nAdp [eondrad g7 uey sow Apussasd ase asdyg

SYOLVNLIV FALLDINMISOYLOTTA ANV JIYIDATIOZAId

SORURIID | Zd
w1 250t ueyy 23yTy sown £-g e SHUSIIYA0D NIN0j0za1d Yl Jo sINjes etulxeus
Y puR Ay sEIq 2130949 AQq pasnipe aq Aew SHUADYR0D 11d3f0zaId Jo apmy
wideus 3y (p) pue *pasinbas s1 3usjod ou (g) Aupqronpasdas [euoinsod JuayIxs

SI00d 19 wu|

SIOAOW 1Y |BDU0D) PUB SUBY

$,04R9S 10} BIOTQIA SUOD

$j00] SUIIBN PuB §]0QOY 4O} BISUONISOTOIHN
SwesAg odo eajdepy

SOABA UORDefu) jeny

SOUIUNY RIA PUB SI0JULY 10Q-GIM

SIYOIMS pur SAReY 10} 810110

speey opeubuyy pue jeopdp Buporsy

‘suonedfydde J01emdy -Z 81qe)

SOT SUONDNLddy 41y 10f SJULAIDIY 141001 PUD JalIUIS1II]T

10§ 2)qisuodsal si JOIABYIG JNRIANSAYUOU (Z) *SINLIBIID DLIIIIP0ZAIA [BUOHUIAUOD
159qQ 2y JO 1Byl 8 J]qesediiod sk SUIRNS IANDIIISONINI (1) :sansadosd jo 18 qe
-3Jewas B Yiim sjelIalew jo Kjiwe) anbiun B a5 $31139]20419) J0xERS 14 -NINd
"SIV JOXE(IS O
amea) snoadeueape Jaygious si aues Ny Ayl Jo IPIs aanpeaddwdi-yiiy ) vo
AIN WIRIIS-PIIY YL US S1SA5NSAY JO AduISqE 3y [9] urens 0 uvonezugiod juey
~LI3J 12U OU Yim SUOIS104DU JO JWAUITURLIE WOPUES € O} %I8G SHIAIL JUNE[D
PISY Y JO {BAOWIL UQ "Pjay SeIq M AQ Ajqeunt SnYL St DAY aunddREezad
PIONpUI S| PISY SIQ NI UB AQ ULIO) Je[0d OJUt UZALIP 3y ABW D13133]20139)
Joxejas o *a8urr SN oY) vy saumeIAdWI} J0j 1eyl Ino patutad U2 ey 3]
1gz) 1sed gy wi pAsaZins
se _oipospaesediadns, Sutaq uey saypes ssejd-uids e o1 snodojeue “wasks Assejd
-sejod € s1 511193}201139) J0xe|s A 1eys 1s983ns WdIsAS 1Y) Ju SAPNIS 1WA ISowW
2| "JoIABY3Q JOXE| NqIYxd Krepunog aseyd sidosjoydiow ay1 jo apis You NINd
a1 uo suonsodiwod |1V ‘Ld %2l0w-¢f seau Arepunoq aseyd sidasjoydsows e sey
(1d) reurin ped| {im UOLNLOS PIOS S1] “PIPNIS 150 3Y) sdeyuad pue 212133204
-19§ soxejas (edid4i & st NN 10 *O(*/*QN*/'SN)ad ] diequiu winisaudew pes
SOILLDTTIONNTS HOXVITY
FIVNVLLL QvIT—3LIVEOIN WRISANDVYH AVl

-ied 3u0j 3y Jo uonMudLso sy upsnipe Ag Ajqissod ssoauud utcwop
-oustut oY) w A 2 Aejd suonsep _sted-auoy, st pue ;. qq eyl Juusadins “sAYs
-auad paseq-qd Suowtie uouwiwsod K33a st J01ARYIqG Joxey (¢ 7°¢l 1sa3dns satprus
JUIIA JRIIAIS SB "SIIIIII04I9) Joxe|d Jo satuadosd xajdwod ayy fje Butureid
X2 Ul [nyssaaons £(12|dwiod 10U SI JOIABYIq JOXE|3! Y Jo uonaudia [ess
-sB[o sHE] ‘amesadwd) 3y Suuamo] s 15913 awes aY) Julaty "dOUIISIBOD J0AT)
Spjay seiq D “pr:odsas 0) SUONENISNY uolEZLRIOd A JU) W SINEL 1 BNTIN
(Lsoxe[a_ sureu a4 25udy) Auanbayy yum Aprdes Yo sdosp weisuod d1323191p

‘SYIND
~84) POIOOKOS S0} IBISTLUIB] JO UOUIIN 8 S8 [f§ O-NIND6 0 JO IUBISUOD NdM&I] S snBiy
{Ja) Bin 006w}

oo o — O0=

00002

0000¢

WYHNMIN "T ¥ UNY JIAONYIRYd Q 54




sy SIUTEIUZI PUE JI0THG, PO61 W[ H Pus urun) Y |G T UNONIYG |
EE-LLIPL TINAIOpXUIN ANUTEI] NAIIII0LIS PILIV)

1) Kjieundiennag Wl DOIEXEIIY (IR UIBWOG: ,06. (HOl HXIH ¥ PUTSYOPIG H O WY T

ol Op -a,.!stt\kfht NGG:QuI—Lﬂ LTS TERI Nmou o WY

SAONTUILTY

"RIIWED AN B BI Bun Juisndy anewoine iy sy
yoneaydde [eand4) v satyddns zamod Luanbasy 43y 105 paau 2y pue ‘sluiod 1@
-u0d 3y 11 123f4o Fulaous 3yl puR IIELINS JY) UIIMIFQ SIJI0J [EUOIDLIY JO Iduey
-2JUIEI ) JB S10J0UE JIUOSER(N YHm Swaqoud ) JO oMY SUOHDIASIP 35194
pue piemiuj Yioq ul uonow pue spaads moj 1e anbioy y3iy Afaanejas ‘wsiueysow
Fuind0-3198 € yim ‘ydiam ydy pue 1dedwod are L asnedaq jenudiod Jqeiapls
-u03 aaey Aay) ing ‘(7z] 23ms wawdojaasp ay e A[uiew e s1010W SIBOSEI(}
SHQUOW DINOSYALTN

*$2210) ANESUIB a3se| pue suoey Suidnod e

-ueYdawo13}3 28se| ‘asuodsas y2nb e Jaey PINOYS siolenide Yons *A1ed]) "SI

-qunad 190 yur pue ‘suauisd 1op-anm ‘sayound eia ‘sayoums pue skejas 10§ SI2ALIP

ae suoyedtidde [exndAy woy yum 1dedun uw Sunjew Ag uorisod passap €
o srd aa0w AR{] “JouveWw YOO UB Ul UIAP sk ssojemde 3dA) 1oedw ay g

$301A3Q LOVdWI

‘suoyend
-de 2say) ut pasn sa01en)de 10} Sludwdsinbal Juepodwi dse uone(dl pPPRY DR
-uresls Ayl Jo Jotaeyaq duasdsiyue pue Aijiqisnpoudas usj[aoxg speay dneu
-dew pure [eando jo 3uioesy 3P w1 pue ‘$10q0s 10} S1FUONISOdOIIW ‘SUONIALL0D
20122-Junnd *Adoasosotw Jeando jo spjay ayy us punoj ase suonediddy wasAs
YIEYPaY € A pIjjo3od Ajjensn st sasodund 35041 J0j pasn suoenide 24 JO AW
-o3ejdsip Dy "[9A3} UOINWIQNS BIAI JO BoudIw € uo Aquonpoidas pue Kjaesnd
-o¢ A1oa sued jexueyosw uomisod o) pasinbas Yo e sIO)ENIDE UOISINAIJ

SYINOILISOdOADIN TVIINVHIINW

‘uoisuedxy [BULIYL MO)
pue Aupgionpodas pood ‘A1jiqers uul-8uo) ‘sawnjoa Jjews ‘WY g7 F Jo mauy
WAWIXEu € 18 IO IqeuLIRp Jo} Stuawasinbas jead4] ssadwoejip ou
-PWOIIANUE Iy aaNisuas K1ySiy pue *sw3isds UONESIUNWIWIOD J35E] *s19se] A4
-4 y3uy *sadoasoya) adeds pue poseq-punocsd adse) apnjowr swashs jeando aande
Jo suoneaiddy 'sa210) jeuonmiaeid Jo sassans paonpur Apeuudys 9oud|ngIn
susydsoune aeuiwifa pue aaem 1yt ayi Jo aseyd 3y 1snlpe o) WASAS yoeqpes) €
duisn pajjonuod £(jestweudp st 2aejans Jounw e *sondo aandepe jo pry ay uj

SYOYNIW TTVYINNO13a

[Z2'LL) mopag pawatads Ayarsq are asay] ‘ssojeny
-8 2Rl RANLIS03§9 Jo suonedtjdde jo sdnoaB Jofew snoj ase 210y

SI0)BNIDY HANINP0ZAJ PUB (IS0 jo suonedyddy

e suoinyddy 530y 40f SIPUIDEY JULONIUING PUD JANILISMIIIY

‘ddepns
3y yim 157002 Ut 1331qo ue uo Junde 310§ 3Y) 10j Ajqisucdsas St ucnow (B>
-ndiia Y Jo Ww0dwod |TIWOZUOY YL W | ~ Mo IwEdyudisul JwadxNy

pue SSAUXIY) Yilm I5eudp eyl sapnijdwe Y suonow edndia dqunsap
2opgans ) 1E sopdied ayg {11 ddegans Yl e SULIIPUOD L1EpUnaoyg 53)-580518
i Aq pausanod suonow seays pue (BUIpAlBUO] JO UoHEUIGLOD € AQ pIsned
338 soAEM 4] "3deds pUE W YIog 0 133531 Ym 06 J0 35U Iseyd € yim
nq apmitjdwe (enbo jo saaem Surpurts om) Fuisodwisddns Ay poIrsaudd die sdaem
INSNODE IIVJINS Y] IDEJANS JIIAPSUTI Y YHm DITIUOD Ul S1IEYT DIMYo Ue 3aow
0) SAABM JIINNOIC 3DJINS SN AL PAIPMIS AJIPIm IMKU Y] Sa0I0U1 NUISELD
Jo sadA) [e39A3s 2u8 21941 “AYR0d Jutdaod eaurydauendad ydy e pue
J0108) Anjenb jedueyoaw ydiy & ase doucodwit 1Nieasd o sonaaduad [Tudeiu
a1 “Kouanbaiy WweUoSIs Sit 18 SATISAO JOIENIDT A IIULS NIIRADE J0 XK 1Yo
a1 o1 pasedwod spiay sajjews Kjaane(as sapun pasnpul aq Avw suiesis dadiey
‘Kem 1y U] “s0EnIE 3y Jo Kuanbasg weuosas ayi o jenba Hudnbosj e yim Joje
-niae 24§ 01 patjdde st PiaY NS SUNBUISIE LR “SINL NUONENN LY AjjEui]
Yy £33a 2ue Fuiygonms
10j punbas spiay 3115313 oY1 InG %} Se JAUe| SB I SUIESS PARINRNSY Wi M)
-23}00149) 243 UBY} JLIN[OA 2IE] JI]jEtUS A SBY dseyd D111)d I e DY) IUIN
adueyd swnjon adse| e Aq pawedwodse st uonisues) aseyd gL I8t PIAY
-29|2 paijdde sapun aseyd >11130{30413) B O} ILNIDIOLIJYNUE U WICI) SULLISURL
aseyd odiapun woishs A1eu13) *QUSQA- OLIGd - O474d 41 Ut suoisadwo)d uir
-337) 12343 SMINIIS0NI3] JO DUIDII0ZN B SAJOAUT O} DARY AJLIRSSIIM W S0P
3pOW Joyuo ue Ul wi0)iod 1BY) SIOIENIIE DLIDNIOLIN ) WNLRYIdUE FulALp
2y "15ej K19a 3q 0S| N J0jeNPE JO Isuodsas 1 Loy K14 AJERsn ase sovnd
ayr 23u1g “anjea wnwndo s SRS VRN dY) may ddweuodun LuF E o jou
st 3t pue [ea113 81 asjnd pjay SLAIIS Y AG PAdNPUI UILIS Wi e dYi jo A
-1qianpaidas aig Ajuo 341 S1Y) JO JOIENIDE BB S04 “PIAOWIS S1 PIAA] Iyt 191r Aom
32410 SWOS Ul PAJ|OJIUOD 3G O SBY §IA] SH ING ‘UIBW Aew UrCals PadNpuL dy)
1230 341 UL SHO PIYINMS SI PI3Y Y3 Se uoos st sseaddestp wuawadeidsp padnp
Ut PioY AN ‘U0 Ul (SIOIEMOE Jo AL SIY) JO SuUONELRA Gm) DT JJOYL SAuUTW
HO/u0 uE V) pIRY 212133)2 AQ PRfI0IIU0D 51 utedls [(2)g aundig] adKy pang Y u)
“SINDIONAY Yiim JOITAIN BT J0)
anjeA pastsap i 0) Yoeq uatuoeldsip Yy Sutaq vy pasinhds it PPY SBLY UL suth
-e1sea adse| pre st 193U0| ‘IN[eA PSSP Y W § ARME SHLEP wawwdsip oyt
J1 “1EWAWLA3P [[Is St JOIABYIQ MIAINSAY 3Yi INQ "I|qRID(VI JIE PPIY I3 puE
UIBJIS UIIMIDQ SIILIEIUIIUOU J3onPsurs) Jo oAy syl u) "anjea PAININ Y F ot
-a0ejdstp ay Suuq pue pjay seiq OIS Yy Jo apniudew ayi wAIpE 1 Kevsd
-D2U U3Y) S1 WANSAS RIBqPIY Y HJueyd Jrmiesddial S0 DURGIMSIP [EIVRYINWL ©
st yans s2)owered jeulalxa ue A&q pardaye siuawaoeidsip Ayl Yy Ul suonen
-)1$ DY) ) PISD Sy 120npsuel) JuRudE|dSIP JO [(q)9 dsndig]| AL puean oyl Py
pue utens u3smiaq diysuone(as Wapuadapui-pRY “MAINSYULL “HGINPOIdas
e Yum eudEW Jaonpsues) € soainbau Jojemide Jo AL SIYL PRGN pue
wens uaamiag diysuonejas sedur] 8 yum Kjuo piay gt mofjy (v wdwadedvp
oY UAWIIL|NIP Y1 JO WICYIABM pasinhzu ) ue SPUAIIP PIAY D YL Jo
WI0JABM 4] (F)9 IRS1J UL PARIISH]) SB TPIOY I3 AY IR PIfAIBOD

WYHNMAN "3 " UNY JIAONVINYG Q 907




PST- L BB “SIULIIMLidg | UBHNIISONIINT Y 14 UONRIIY si] pue Auwh Iy 1N G
) Jo 20uapuadaq 2SI WL gBol SwWD F TPuRdur [y ucg A M I O eyl g
‘1262-9162:(91)89 " yg pidy f " S0XRY NN WinnSuBrpy PEIY Ul stk
-snisngj vonszueiad Ayl jo duizaasg, 006t T N P s ) g L duer [ ST A PRI 1T
S9-Lry (rig9
g 08 420 My suonedljddy Pus SRUARW WOITNLY FADLIMUINY. 986l N v 2T
7 B NPT
£ SOWRIDY MULIY PRI - HBGOIN WRKIUBEW PEFY UI MNP0 ) M XNRIHG WIENWIPAH
iz, ‘vonsanynd sy paunLgng ‘Ssar) ‘g Y put ejieyg 'S Y danveled T G oL T
‘SpuBPRIIN AB0j0uN23] ju ANSIIAIUMY ImL "\ (G Nd
IWRIZ) AHADPRUZAG [0 IO y50r] pur sopey Bulidno) jo samsuddid, Wl O [ WS o7
NN A0SO 3I1sKYd [isia) fo Sjolaopun] TR6] ‘SAEBIOPENS 4 W pUE ] N Ceang 6]
BLE-UCHUPITL * NS
WMD) Wy [ SIURIID) ANEUUELIS NBUIL] REUOANT PEF] PAYIPOI W BUIYINMS DL NI
01 JADAIALIFINY PN P4, 6861 F504) T T pueejieyg Y “Bueyz WO A M vd B
‘W TNIng Ansiaanup) Kusiaatun) e erurapks
-Uuag YL SIS G 4d Lsuoneaddy JoIeniY 20§ SERLIITIN DI WE6l A M TuRd ()
WOPUAL)D (IO SR for sossdigg (inagd sHet o [ TMN 9t
GS1-ET1TS “ Yy Fuyg doy SIRVRNUIDY. 6861 T N WEYUMIN §)
Bepran-238undg WY SuoNDY Auddiag-damsniS Sl H Y CWEYUAON  pi
) RS 7RV I
FAY " $0IAY Ut KUIIAIOZIG pur Audimel e, Gpt AE] W T 4 (0 CUAPN (I
] 9L I Ny any
S6g L AN1110130231g O] SUOUNQUIRKID JBLNMTANG MIN. [LHl STT W Pue 4 (§ ‘UnpPN Tt
Rir-s97 od
lieH puv unwdey) UOPUUT SIRUIWINULNT 0668 MIUIH W f PN | Y ‘unsipap ]
BRI Rt BRI R VPP TR S
IIINATING 0123 JO NAPNIS VOIRXBIIY HNIRITNG., Y66l N XQ § puE ¢ “wdaunf @)
‘YIAG R UUPIOT) NIOK MIN § o sygchiad
“HUPY SIS IouodinI v I T SISUIS PUR RIAINPSII) DAL, THO] N [ UMM o
Ov0L:0p Ao 1y | Ued - eumi] umueg o Ao otol 4V npmensg g
609 UFIY NG NS WML WY SDUBIID NRUCN) PEX | PIUPURY 0
sauadurd LRI Ut AJUNBWY, 2461 ) G T] puE gy Yy | C (g Tawelwe ¢
"T61 ~LBIIET "SI T SIDI NI JOSEIY B 13 4 Ak
“IUISOIBNY BIT|. Pyl Uy N PUR BINWON S ‘weyuaan G Y duep @y Y peas)
L9~ 1P QL "FIIMIULid SIS WRRIIY. (B6l 4 ] ™) ¢
ST-PA1)) ORI pup By 3Dy g o £ ey
JO VOHENDY MWRIIXANG Jb SPPON PAING. Vo6l BIRIIPUY H g UE 4 4 Aomer) »
W69 IV uEd) “udpesy
WA MIN PO UNTIN d AT R TSI JOOIN BL T AMAUEI] U WHIGN 1Y) Pt

WYHNWIN 3] 3 UNY DIonvinvg 'Q Nz

e it




APPENDIX.- 26.




Repnated from the Journal of Amencan Ceramics Socsety Vol. 75, No. 4. Apeil 1992
Copyright © 1992 by The Amencan Ceramics Society

Joumal

J Am Ceram Soc. ™% {4] 996-98 (1992)

Metal-Ceramic Composite Actuators

Yutaka Sugawara, Katsuhiko Onitsuka,* Shoko Yoshikawa* Qichang Xu,

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania

A new type of actuator composed of metal (brass) end caps and
piezoelectric ceramics has been developed as a displacement
transducer. Shallow cavities positioned between the metal caps
and the central ceramic disk convert and amplify the radial
displacement of the piezoelectric ceramic into a large axial
motion of the metal end caps. Large ds, coeflicients exceeding
2500 pC/N are obtained with the composite actuators. The
behavior of the electrically induced strain with geometric vari-
ables, such as the thickness of the metal end caps, and with
pressing force and driving frequency has been evaluated. Size-
able strains are obtained with both’' PZT (piezoelectric lead
zirconate titanate) and PMN (electrostrictive lead magnesium
niobate) ceramics. {Key words: actuator, ceramic—metal sys-
tems, piezoelectric properties, strain, geometry.]

1. Introduction

N RECENT years, piezoelectric and electrostrictive ceramics

have been used as displacement transducers, precision micro-
positioners, and in many other actuator applications.! An im-
portant drawback to these devices, however, is the fact that
the magnitude of strain in piezoelectric ceramics is limited 10
about 0.1%. Magnification mechanisms have, therefore. been
developed to produce sizeable displacements at low voltages.
The two most common types are the multilaver ceramic ac-
tuator with internal electrodes and the cantilevered bimorph
actuator. The multilayer actuator produces a large force at low
voltages, but large displacements are not obtained. Bimorphs,
on the other hand, produce large displacements up to hun-
dreds of micrometers, but the forces are very small. Therefore,
there is a need for another type of magnification giving
sizeable displacement with sufficient force to conduct actua-
tor applications.

A cross section of a newly patented ceramic-metal compos-
ite” is shown in Fig. 1. [t is called the “Moonie” because of the
moon-shaped spaces between the metal end caps and the
piezoelectric ceramic. Originally. this composile was designed
as a hvdrophone, and the hydrostatic piezoelectric properties
were reported elsewhere.’

Referring to Fig. 1. the radial motion of the piezoelectric
ceramic is converted into a flextensional motion in the metal
end caps. As a result, a large displacement is obtained in the
direction perpendicular to the ceramic disk. This is the basic
principle of the composite actuator described in this paper.

Poled PZT (Pb(Zr,Ti)O,) ceramics are strongly piezoelec-
tric.* Under an applied electric field, the ceramic expands lon-
gitudinally through d,s and contracts transversely through d,.

Effective Piezoelectric Coefficient
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Therefore, in the Moonie structure, the axial displacement
comes from two different sources. One is the longitudinal dis-
placement of the ceramic itself through dy,; the other is the
flextensional motion of the metal arising from the radial mo-
tion of the ceramic and d;,. The two contributions add to-
gether to give unusually large displacements which can be
described by an effective dy, coefficient.

The dy; coefficient relates strain and electric field in the pol-
ing direction and is often used to compare different piezoelec-
tric materials. In a weak piezoelectric, such as quartz, dj, is
approximately 1 pC/N, and is about an order of magnitude
smaller than an average piezoelectric, such as poly(vinylidene
fluoride). Strong piezoelectrics, such as BaTiO,; or PZT have
piezoelectric coefficients larger than 100 pC/N. Effective dy;
values in excess of 1000 pC/N are obtained for the composite
structures reported in this paper.

The initial objective of the research was to make an actua-
tor capable of very large displacements, and to evaluate its per-
formance under dc and ac drive.

The composite actuators were made from electroded PZT
SA disks (11 mm in diameter and 1 mm thick) and brass end
caps (13 mm in diameter and thicknesses ranging from 0.4 to
3 mm). Shallow cavities 6 mm in diameter and 150 um center
depth were machined into the inner surface of each brass cap.
The PZT disk and the end caps were bonded around the cir-
cumference, taking special care not to fill the cavity or short
circuit the ceramic electrodes. Silver foil (25 pm thickness)
and silver paste were used as bonding materials. The compos-
ite was heated to 600°C under stress to solidify the bond. After
cooling, the actuator was encapsulated around the circumfer-
ence in epoxy resin (Spurrs) foliowed by curing at 70°C for
12 h. Electrodes were attached to the brass end caps and the
ceramic was poled at 2.5 MV/m for 15 min in an oil bath held
at 120°C.

The direct piezoelectric coefficient was measured at a fre-
quency of 100 Hz using a d;: meter (Berlincourt, Channel
Products, Inc., Chesterland, OH). The converse piezoelectric
coefficient of the ceramic was determined with a laser inter-

XJT

Silyer
electrodes

Sample Preparation and Measurement Technique

Brass end caps
£

v

LSS

Cavity

DN

Mete) bonding

Fig. 1. Composite Moonie actuator.
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Fig. 2. Resonance frequency (f,) and dy coefficient plotted as a
function of the thickness of the brass end caps.

ferometer. Displacements of the composite actuator were
measured by a linear-voltage differential transducer (LVDT)
having a resolution of approximately 0.05 um. The effective
ds; coefficient of the composite was vbtained by dividing the
strain by the applied electric field. In comparing the resuiting
dy; with that of a ceramic, it was important to use the total
thickness of the composite in calculating the field-induced
strain. Rescnant frequencies were obtained with a low-
frequency impedance analyzer (Modet No. 4192A, Hewlett~
Packard Co., Palo Alto, CA).

IV. Experimental Results

Figure 2 shows the dj, coefficient and resonant frequency
plotted as a function of the brass thickness. As expected,
thinner end caps flexed easier, resulting in larger piezoelectric
coefficients. The d; values were measured at the center of the
brass end caps using the Berlincourt d3: meter. Values as high
as 2500 pC/N, approximately 5 times that of PZT 5A, were
obtained with the Moonie actuator. A spectrum anaiyzer was
used to measure the fundamental {lextensional resonant fre-
quency. The resonant frequency decreased rapidly with de-
creased brass thickness, dropping to less than 20 kHz for a
thickness of 0.4 mm.

Piezoelectric effects are largest near the center of the trans-
ducer where the flexurai motion is largest. The 1, values meas-
ured as 2 function of position with a Berlincourt d1. meter are
shown in Fig. 3. Plots are shown for two brass thicknesses of
0.4 and 3.0 mm. Ample working areas of several square milli-
meters are obtained with the actuators.

Maximum displacements obtained with the Moonie actua-
tors are shown in Fig. 4. The values were recorded with the
LVDT system and a field of 1 MV/m, which is well below the

3000
0.4mm
2000
z
o 1000
a
.Omm
o 0 - 3.0m
°
-1000 +~v—>—r T v T v
-10 -5 0 L] t0

position (mm)

Fig. 3. Positional dependence of the d) coefficient for two actua-
tors with brass thickness of 0.4 and 3.0 mm.
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Fig. 4. Maximum displacement plotted as a function of brass
thickness.

breakdown field of PZT. The largest displacments were ob-
tained with actuators having thin end caps. By loading the
actuators with weights it was demonstrated that even thin end
caps are capable of exerting forces in excess of 2 kgf.

A few experiments have also been conducted with actuators
incorporating PMN (lead magnesium niobate) ceramics. PMN
does not need to be poled because it utilizes the electr. iric-
tive effect rather than piezoelectricity. As shown in Fig. 5,
displacements as large as 10 um are obtained with PMN and
brass end caps 0.4 mm thick. Corresponding cirves for the
composite containing PZT, and for the uncapped PZT and

14
PMN composite
— 12 e ®
E . F
= 10_{ e o
- * o
-
E P * .
o
¥
E 6 . . PZT composite
- . 8
= 4- ° e o
. * o
° L PMN
2 - e ; « * g o © o
M 8 P27
0«0-—.—‘—1 9 gﬁ. M ? > :42
o 200 400 600 800 1000
Voitage (V)

Fig. 5. Displacements measured for composite actuators driven
by PZT and BMN ceramics. Displacement for the uncapped ceram-
ics are shown for comparison.

Fig. 6. [Illustration of stacked compostte.
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PMN ceramics, are shown in Fig. 5 as well. The composites
produce a strain amplification of about 5 times.

V. Conclusions

A new type of actuator has been constructed from piezoelec-
tric PZT ceramics bouded 10 metal end caps. Shallow spaces
under the end caps produce substantial increases in strain by
combining the ds, and d,, contributions of the ceramic. Even
larger displaccinents are obtained using PMN electrostrictive
ceramics. Further improvements in actuator performanc- ~re
expected using improved materials and design. Driv g
voltages can be reduced using multilayer ceramics, and larger

Vol. 75, No. 4

displacements can b: obtained using muiti-Moonie stacks
(Fig. 6).
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CERAMIC-METAL COMPOSITE ACTUATOR

Q.C. XU, A. DOGAN, J. TRESSLER, S. YOSHIKAWA,
and R. E. NEWNHAM

Materials Research Laboratory

The Pennsylvania State University

University Park, PA 16802

ABSTRACT

The main objective of this work was to develop a new type of actuator. It
consists of a piezoelectric ceramic disk or multilayer stack and two metal end
plates with a crescent-shaped cavity on the inner surface. The plates are used as
mechanical transformers for converting and amplifying the lateral displacement
of the ceramic into a large axial motion in the plates. Both d3; and d313
contribute to the axial displacement. Sizeable strains were obtained with both
PZT-metal and PMN-metal actuators. Displacement amplification principle,
fabrication, and measurement results are presented.

INTRODUCTION

In recent years. piezoelectric and electrostrictive ceramics have been used in
many actuator applications. The two most common types of actuator are a
multilayer ceramic actuator with internal electrodes and a cantilevered bimorph
actuatorll]. A frame structure for displacement amplifier in impact printer head
has also been developed using piezoelectric multilayer actuators (2],

This paper describes a new type of ceramic-metal composite actuator which
is based on the concept of a flextensional transducer(3). The ceramic is excited in an
extensional mode and the metal plates in a flexure mode. The metal plates are used
as a mechanical transformer for transforming the high mechanical impedance of the
ceramic to the low mechanical impedance of the load. Therefore, a large effective
piezoelectric coefficient. d33. exceeding 4000 pC/N as well as a hydrostatic
piezoelectric coefficient djy, exceeding 800 pC/N can be obtained from a single PZT

disk-metal (brass) compositel4].




FRINCIPLE

The extensional mode of the piezoelectric ceramic element is characterized
by a large generated force, a high electromechanical coupling, a high resonant
frequency, and a small displacement. Often it is desirable to use a compact structure
to magnify the displacement of the ceramic element. Figure 1 shows the basic
configuration of the ceramic-metal composite actuator. The ceramic element can
either be a piezoelectric ceramic or an electrostrictive ceramic with single layer or
multilayer. Low driving voltages can be used for the multilayer ceramic element.
The electrostrictive ceramic is expected to reduce hysteresis as well as exhibit a
nonlinear relationship between the voltage and the displacement.

d
' r!‘ de ={
—_
A | Matgl
—f b P o i N S—
p boceramic 4
5 ﬂv f
\\___‘ rn ___‘_'_7
Bm | metal ) /
~t
i/
bonding

FIGURE . The geometry of the composite.

The “Moonie™ metal plates are used as displacement magnifiers. The
relationship between the displacement of the metals and the geometry of the metals
and the ceramic is explained below. For simplicity, consider a curved beam with
small curvature bonded to a ceramic bar (Figure 2). According to elastic theory [S],
the bending moment M under an electroactive force from the ceramic is as eq. (1):

Tdb z’az):_dazb 2(lnt—)— ) 2]
M= —— 2 (0
4(-23—%-lnl3+bzln%+azin3+b:-azl

a r
T .

The electroactive force will be transmitted to the Moonie metal. The stress in

the metal is:
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' M
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FIGURE 2. Simplified model for displacement magnification.
Y
Te= dE_’Sﬁf 2)
Am
where d = piezoelectric strain coefficient of the ceramic,
E3 = electric field in the ceramic,
Yc = Young's modulus of the ceramic,
Ac, Am = cross sectional area of the ceramic and metal, respectively,
andr~a~b.

The normal displacement of the metal produced by the piezoelectric effect of

the ceramic is:

Un

-

hp?
M (—)
b ~_3_ dY.d. v 3)

LI I 1 B T

2Ypln 48nYn0

thickness of the metal
Young’s modulus of the metal
applied voltage

moment of inertia of the metal




eff mom 4)

For the electrostrictive effect:

2EIY
T9= QE CAC (5)
Am
Q = electrostrictive coefficient of the ceramic
£ = permittivity

The displacement of the metal by the electrostrictive effect is then:

Qe Y.d.
h

Uy=2
"4 hoh Y0

6

The transverse displacement at the end of the ceramic bar is:

o
oo
<

o

and the displacement conversion ratio is:

5 416Y_h, (7)

Equations (3) and (6) explain how the normal displacement U of the metal is
related to the transverse piezoelectric or electrostrictive effect of the ceramic. The
total displacement is the sum of the displacement described above and the

displacement due to longitudinal effects.

The lowest resonant frequency of the actuator is a flextensional mode which
is determined mainly by the stiffness of the ceramic in a planar mode and the
equivalent mass of the metal plate. The equivalent mass is much larger than the real

mass of the metal plate because the vibration velocity of the metal part is much

larger than the reference veélocity of the PZT. The equivalent mass is
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‘[ 2 2
i-p,,bh,,,deX szz 2
M, = M, de
] .22 212 22
—~8w L8Y hm

Mm=pmVm =Pm bhm L.

When the h¢/hyy ratio is high and kmy << ke,

the resonant frequency of the lowest flextensional mode is:

1 fe

—~

f

n=
I A
Y (M, + Mo(ke+ k" V 14(2nf ) Mk,

H
=(1+@nfy” 17 8, (8)

The Me is much larger than the real mass of the metal.

Here k¢ =stiffness of ceramic
km =stiffness of metal plate
fc =resonant frequency of planar mode of the ceramic itself.

1

2wV Mx,

From equation (8) the lowest flextensional frequency ff; is proportional to ¥ hyy;.

fe=

SAMPLE PREPARATION

The composite actuators were made from electroded PZTS5A or PMN-PT
ceramic disks (11 mm in diameter and 1 mm thick) and brass end caps (from 11
mm to 13 mm in diameter-with thicknesses ranging from 0.2 to 3 min). Shallow
cavities from 6 mm to 8.5 mm in diameter and about 150 pm center depth were




machined into the inner surface of each brass cap. The ceramic disk and the end
caps were bonded around the circumference, taking care not to fill the cavity or short
circuit the ceramic electrodes. Three kinds of bonding materials have been utilized:

L. Silver foil (25 um thickness) and silver paste bonding.

This composite was heated to 600°C under stress to solidify the bond. After
cooling, the actuator was encapsulated using Spurr's epoxy resin, followed by
curing at 70°C for 12 hours. Electrodes were attached to the brass end caps and the
PZT ceramic was poled at 2.5 MV/m for 15 minutes in an oil bath held at'120°C.

2. Pb-Sn-A Ider Bonding.
The PMN-PT or poled PZT and the brass end caps with the Pb-Sn-Ag
solder ring (thickness 50 pm) were heated to 190°C under pressure.After cooling,

the composite was encapsulated using epoxy resin.

3. Epoxy Resin Bonding.

The brass end caps and the ceramic were bonded by Emerson & Cuming
epoxy resin around the rim at room temperature.

An electrostrictive actuator was made from a multilayer ceramic stack and a
brass beam and borded to the Moonie inner surface with an epoxy (Figure 3). This
composite demonstrates that a sizeable displacement can be produced under low
driving voltage using a multilayer ceramic stack.

EXPERIMENT RESULTS

The displacement of the composite actuator in the low frequency range was
measured with a Linear Véltage Differential Transducer (LVDT) having a resolution
of approximately 0.05 pm. The direct piezoelectric coefficient d33 was measured at
a frequency of 100 Hz using a Berlincourt d33 meter. The displacement-frequency

dependence was measured with a double beam laser interferometer.
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Resonant frequencies were obtained with a Hewlett-Packard Spectrum Analyzer
(HP-3585A) or Network Analyzer (HP-3577A).
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FIGURE 3. Another type of ceramic-metal composite
actuator with multilayersd ceramic part.

1. Displacement Measurement

Figure 4 shows the displacements versus electric field curves for composite
actuators driven by PZT and PMN ceramics. Displacements for the uncapped
ceramics are shown for comparison. PMN does not need to be poled because it
utilizes the electrostrictive effect rather than piezoelectricity. Dimensions of the
PMN composite sample in Figure 6 are as follows: d=13 mm, dp=11 mm, h=150
Hm, dc=6 mm, hp=1 mm, and h;m=0.4 mm. The dimensions of the PZT
composite-1 sample are: d=dp=11 mm, h=50 pm, d¢=7 mm, hp=1 mm, and
hm=0.5 mm. Both of the uncapped PZT and PMN ceramics have the same size,
dp=11 mm and hp=1 mm. The experimental results show that the composites
produce a strain amplification of about 10 times. A displacement of about 10 um
can be obtained under a field of 1 kV/mm. By loading these actuators with weights,
it is capable of exerting forces in excess of 2 kgf.
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FIGURE 4. Displacements measured for composite actuators driven by
PZT and PMN ceramics. Displacement for the uncapped
ceramics are shown for comparison.

As shown in Equation 3 and Equation 6, the displacement amplification is
dependent on the thickness of metal hyy and cavity diameter dc. The sample PZT
composite-2 with dimensions d=dp=11 mm, hp=1 mm, h=200 pm, hp=0.3 mm,
and d¢c=8.5 mm exhibits sizeable displacements - as large as 20 pm with a force

capability of 0.15 kgf (see Figure 5).
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FIGURE 5. Displacement vs. field curves under different exerty forces
for the sample PZT composite-2.
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The 124 layer electrostrictive composite actuator shown in Figure 3 gave the
displacement exhibited in Figure 6. More than 15 pm displacement can be obtained
under an applied voltage of 150V. Notice that this experimental result is obtained
with only one metal end-cap on the ceramic stack. If the convex or concave metal
end-caps are placed on both sides of the ceramic stack, more than 30 pm
displacement will be obtained under the applied voltage of 150V. Displacements for
the uncapped multilayer ceramic in the same direction are shown for comparison.
The lowest flextensional resonant frequency for the composite is 6.4 kHz.

U (mm)

FIGURE 6. Displacement with increase in applied voltage of the
multilayer ceramic-metal composite actuator using an
electrostrictive ceramic stack and a brass end cap.

2. Thickn nden

Figure 7 shows the effective d33 coefficient and resonant frequency plotted
as a function of the brass thickness. As expected in Eq. (4) and Eq. (8), the
effective d33 is proportional to 1/hm and the lowest resonant frequency is
proportional to viiy. The d33 values were measured at the center of the brass end
caps using a Berlincourt d33 meter. Values as high as 4000 pC/N, approximately
10 times that of PZTSA, were obtained with the Moonie actuator.
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FIGURE 7. Resonance frequency f; and dij coefficient plotied as
a function of the thickness of the brass endcaps.

Piezoelectric effects are largest near the center of the transducer where the
flexural motion is largest. The effective values measured as a function of position
with a Berlincourt meter are shown in Figure 8. Plots are shown for two brass
thicknesses of 0.4 and 3.0 mm. Ample working areas of several mm? are obtained
with the actuators.
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FIGURE 8. Positional dependance of the dj; coefficient for two
actuators with brass thicknesses of 0.4mm and 3.0mm.
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3. Resonant Frequency-Temperature Dependence

.

The lowest flextensional frequency of the PZT-brass composite with Pb-Sn-
Ag solder bond and without epoxy encapsulation decreases with temperature as
shown in Figure 9. This is probably due to the high stress in the PZT ceramic
arising from thermal stresses set up by the metal.

Resonance Frequency (kHz)

T

“50 25 0 2% S50 75 100 12% 1%0
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FIGURE 9. Resonance frequency vs. Temperature

4. Electrode Effect

Figure 10 shows the effective piezoelectric d33 coefficient of the composite
increases with electrode area of PZT. This means that all the PZT is contributing
uniformly to the displacement.

2. ree

Keeping a field of 1 kV/mm on the composite sample with epoxy bonding
for two hours, no displacement change was observed by LVDT measurement (see

Figure 11) after one hour.
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FIGURE 10. Effective d33 vs. electrode area of ceramic.
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FIGURE 11. Creep under field of 1kV/mm
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CONCLUSIUNS

A new type of actuator has been constructed from piezoelectric PZT
ceramics bonded to metal end caps. Shallow spaces under the end caps produce
substantial increases in strain by combining the d33 and d31 contributions of the
ceramic. Even larger displacements were obtained using PMN electrostrictive
ceramics.

The displacement is inversely proporntional to the metal thickness.

The displacement is proportional to the area of the driving ceramic.

The creep under 1 kV/mm is very small after one hour.

The lowest resonant frequency is proportional to the square root of the metal
thickness.

Further improvements in actuator performance are expected using improved
materials and design. Driving voltages can be reduced using multilayer ceramics,
and larger displacements can be obtained usir g multimoonie stacks (Figure 12).
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FIGURE 12. Illustration of stacked composite.
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